~ Tlinois U Library 
ransactions 


of the 


ASME 


_ Furnace Heat Absorption in Paddy’ s Hite Pulverized-Coal-Fired Steam Generator, 
Using Turbulent Burners, Louisville, Ky.: 


PartI Variation in Heat Absorption as Shown by Measurement of Surface Tem- 
perature of Exposed Side of Furnace Tubes. .R. I. Wheater and M. H. Howard 


Part II Furnace Heat-Absorption Efficiency as Shown by Temperature and Com- 
position of Gases Leaving the Furnace . . . . R.C. Corey and Paul Cohen 


Part III Comparison and Correlation of the Results of Furnace Heat-Absorption 
Investigation. . . . . . . . . #£=4H.H. Hemenway and R. I. Wheater 


Discussion of Preceding Papers. . 


2 The Evaluation of Steam-Power-Plant Losses by Means of the Entropy-Balance Dia- 
a ws ee ss Allen Keller 


The Gas-to-Gas Heat ee as Applied to an Oxygen Plant. . 
nee tee Ue ee ewes  Ciyde Simpelaar and David Aronson 


Design AO Ftc for Gas-Turbine Service. . . . . . . David Aronson 


Correlation of Plastic Deformation During Metal Cutting With Tensile Properties of 
the Work Material. . . . . J.T. a ee lie R. C. Grassi, and E. G. Thomsen 


Improved Nails . . . . : ahs Bag cig ee et Pe COrRe Stern 


Head and Flow Observations ona High Bficiency Free Centrifugal-Pump ee : 
Pebaee anid es . .W.C. Osborne and D. A. Morelli 


The Flow ae eo higa Compressorsand Pumps . . . . . H. E. Sheets 


Possibilities of the Regenerative Steam Cycle at Temperatures Upto 1600F . . 
: Be eu ee P. H. Knowlton and R. W. Hartwell 


Oil Holes and Grooves in Plain Journal Bearings . .S. A. McKee and H. S. White 
Film Thickness Between Gear Teeth. . . . M. D. Hersey and D. B. Lowdenslager 


-'Thermal-Shock and Other Comparison Tests of Austenitic and Ferritic Steels for 
Main Steam Piping . . . . - . . . . .W.C Stewart and W.G. Schreitz 


OCTOBER, 1950 


VOL. 72, NO. 7 


893 
925 


937 
945 


949 


955 
967 


979 
987 


999 
1009 


1017 


1025 


1035 


1043 


oe il lh rn Nl ga de 


nhac Saltct pe aaatinint es 


Transactions — 


of The American Society of Mechanical Engineers 


ae ee oe 


Pee ae wT eee 


Published on the tenth of every month, except March, June, September, and December 


OFFICERS OF THE SOCIETY: 


James D. Cunnineuam, President 


Joszen L, Kopr, Treasurer C, E. Davias, Secretary 


COMMITTEE ON PUBLICATIONS: 


Rownatp B, Sirs, Chairman 
Joun Haypocx Gzorez R, Rica 
C, B, Campsetn Paut T. Norton, Jr. 
. : “ Pile Junior Advisory Members 


Gzorcs A. Stetson, Edstor K. W. Crenpinnine, Managing Editor 


REGIONAL ADVISORY BOARD OF THE PUBLICATIONS COMMITTEE 


Kerr ATKInsoN—I Henpiey BuaccmMon—V 
Orro vg Lorgenzi—II R. E. Turner—VI 
W.E. Reaser—IIl R. G. Rossone—VII 

F, C, Smita—IV M. A. Durtanp—VIII 


Published monthly by The American Society of Mechanical Engineers. Publication office at 20th and Northampton Streets, Easton, Pa. itori 
department is located at the headquarters of the Society, 29 West Thirty-Ninth Street, New York 18,N.Y. Cable haarecs) “Dynamic; New vores ‘thes 
$1.50 a copy, $12.00 a year for Transactions and the Journal of Applied Mechanics; to members and affiliates, $1.00 a copy, $6.00 a year. Changes of ad- 
dress must be received at Society headquarters three weeks before they are to be effective on the mailing list. Please sen oft as well as new address.... 
By-Law: The Society shall not be responsible for statements or opinions advanced in papers or... printed in its publications (B13, Par. 4).... Entered 
as second-class matter March 2, 1928, at the Post Office at Easton, Pa., under the Act of August 24, 1912.... Copyrighted, 1950, by The American So- 
ciety of Mechanical Engineers. Reprints from this publication may be made on conditicn that full credit be given the Transactions of the ASME and the 
author and that date of publication be stated. 


Furnace Heat Absorption in Paddy’s Run 
Pulverized-Coal-Fired Steam Generator, 
Using Turbulent Burners, Louisville, Ky. — 


Part I Variation in Heat Absorption as Shown by Measure- 
ment of Surface Temperature of Exposed Side 
of Furnace Tubes 


By R. I. WHEATER! ano M. H. HOWARD,? NEW YORK, N. Y. 


This report is one of three current formal reports (1) 
covering the activities of the ASME Special Research Com- 
mittee on Furnace Performance Factors in connection 
with the furnace performance tests which were conducted 
at the Paddy’s Run Station of the Louisville Gas and 
Electric Company in Louisville, Kentucky. The furnace 
heat absorption and its distribution in the furnace, as 
reported in this paper, were determined by the “AT 
method,’’ which consists of using the difference in tem- 
perature between the surface of the exposed face of the 
tube and the mixture within the tube to measure the heat 
absorption at representative locations. The companion 
paper, Part II, covers the furnace performance as measured 
by a heat balance of the furnace. Part III presents a cor- 
relation of the results. 


INTRODUCTION 


T IS desirable at this point to review briefly the history of 
ii the extensive test program which has been undertaken by 
the ASME Special Research Committee on Furnace Per- 
formance factors. This program was actually initiated in 1943 
for the purpose of gaining more factual and fundamental knowl- 
edge of the various factors which affect the performance of large 
central-station furnaces. In order to accomplish this, it was also 
necessary to establish methods of measuring the amount and dis- 
tribution of heat absorbed in such furnaces. 

The first furnace to be tested was a completely water-cooled, 
dry-bottom furnace, fired tangentially by eight pulverized- 
coal burners which could be tilted up or down 30 deg from the 
horizontal. These tests were made in 1945 at the Ohio Power 
Company’s Tidd Station, using the No. 11 boiler, which is a 
conventional, 3-drum, bent-tube boiler. Four papers (2) were 
presented in June, 1947, covering the furnace performance ob- 
tained with this design under several operating variables, as 


1 Assistant to the Manager, Service Department, Foster Wheeler 
Corporation, New York, N.Y. Mem. ASME. 

2 Manager, Service Department, Foster Wheeler Corporation, 
New York, N. Y. Mem. ASME. 

3 Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors, and the Fuels, Power, and Heat Transfer Divi- 
sions, and presented at the Annual Meeting, New York, N. Y., 
November 27—December 2, 1949, of Toe American Society or Mr- 
CHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-118. 
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well as the results of several different means of measuring the 
furnace heat absorption and its distribution in the furnace. 

The subject tests were conducted at the Paddy’s Run Station 
of the Louisville Gas and Electric Company in 1948, in order to 
establish the furnace performance of another completely water- 
cooled furnace which is fired horizontally by eight turbulent 
pulverized-coal burners. 

The object of this paper is to establish the distribution and 
amount of heat absorption in this furnace, as measured by the 
“AT method” for the various operating conditions investigated, 
and to study the effect of these operating variables on furnace 
performance. The operating variables studied were (a) burner 
adjustments, (b) furnace rating, (c) excess air for combustion, 
and (d) various combinations of burners in service at 50 per cent 
full load. 


Test EQuIPpMENT 


The No. 3 unit at Paddy’s Run Station is designed for a 
maximum continuous output of 640,000 lb of steam per hr at a 
pressure of 950 psig and a temperature of 900 F. It was first 
placed in operation on September 25, 1947, and normally has 
carried an output of 600,000 to 640,000 lb of steam per hr at 
design conditions. This unit, shown in Fig. 1, is of the single- 
drum bent-tube type, containing a conventional water-cooled 
furnace, a bare-tube pendant-type convection superheater, both 
a bare-tube and an extended-surface boiler section, an ex- 
tended-surface economizer, a regenerative-type air preheater, 
and two ball-mill firing systems. 

The dry-bottom furnace is approximately 31 ft in width and 
24 ft in depth. The height of the furnace from the roof to the 
center line of the hopper throat at the bottom of the furnace is 
about 90 ft. The furnace walls are composed of 3-in-OD, 
0.220-in. minimum wall, carbon-steel tubes spaced on 31/j-in. 
centers. This tube spacing exists throughout the furnace. 
Near the top, the rear-wall tubes bend into the furnace and then 
extend up vertically to form the slag screen. These rear-wall 
tubes are bent to form four rows of slag-screen tubes on 13-in. 
centers. The front-wall tubes bend at the top of the furnace 
to form the furnace roof. Both the front and rear-wall tubes 
bend into the furnace to form the hopper throat at the bottom 
of the furnace. This throat is therefore parallel to the front 
or firing wall. The furnace contains 8884 sq ft total projected 
wall surface, which includes the outlet aperture. 

This steam-generating unit is fired by eight horizontal intervane 
burners which are located in the lower front wall and arranged 
in two horizontal rows of four burners each. These burners are 
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of the turbulent type and may fire either pulverized coal or 
natural gas. However, at the time of these tests, natural gas 
was not yet available at the plant and only pulverized-coal- 
firing was investigated. The burners are supplied with pul- 
verized coal by two ball-mill systems each containing two ex- 
hausters. The two lower inside burners and the two upper out- 
side burners are part of one mill system, and the remaining 
burners are part of the other mill system. Each burner conduit 
is equipped with a shutoff valve which permits individual burners 
to be removed from service. 

Fig. 2 shows the horizontal intervane burners which are used. 
Each burner contains two coal nozzles, a main nozzle, and a 
smaller auxiliary nozzle. This arrangement is designed for the 
purpose of extending the load range per burner. The primary 
air and coal leaving the main nozzle has an angular velocity which 
is created by the tangential inlet to the burner body. A similar 
rotation is given to the coal leaving the auxiliary nozzle by means 
of vanes located near the outlet. The velocity of the primary 
mixture leaving these nozzles may be varied by use of the 
auxiliary air dampers which are located in the exhauster inlets. 

Secondary air for combustion is admitted to the burner throat 
through adjustable vanes which control the angular velocity of 
the secondary air. These vanes are adjustable from 0 to 100 
per cent open, which corresponds to an actual range up to about 
70 deg open. The rotation of the secondary air is in the same 
direction as that of the primary mixture. Tertiary air also can 
be admitted to the burner throat through the annular space 
between the coal nozzles and controlled by an adjustable vane to 
create a rotation either with or against the rotation of the burner. 

The burner adjustments mentioned provide means of changing 


the flame shape and furnace conditions. 
various adjustments are as follows: 


The effects of the 


1 When the secondary-air vane opening is increased at a 
constant air flow, the following takes place: 

(a) The ignition zone moves away from the burner tip. 

(b) The flame is lengthened and the flame angle reduced. 

(c) The burner-box pressure is reduced. 

(d) The angular velocity of the fuel-air mixture leaving the 
burner throat is decreased. 

(e) The mixing of the fuel and air is changed. 

When the secondary-air vane opening is decreased at a con- 
stant air flow, the following occurs: 

(a) The ignition zone moves closer to the burner tip. 

(b) The flame is shortened and the flame angle increased. 

(c) The burner-box pressure is increased. 

(d) The angular velocity of the fuel-air mixture leaving the 
burner throat is increased. 

(e) The mixing of the fuel and air is changed. 


2 When the tertiary air is used with rotation of the burner 
the flame is lengthened, and conversely, when used against rota- 
tion the flame is shortened. 

3 When the auxiliary air damper is opened, the burner veloci- 
ties are increased and the ignition zone moves away from the 
burner tip. 


From the foregoing it will be seen that changes in air flow can 
change flame shape, depending upon whether the air flow 
is varied at constant secondary-air vane opening, constant 
burner-box pressures, or by changes to both vane opening 
and burner-box pressure. 
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In order to measure the rate of heat absorption at various 
representative locations and thereby establish the distribution of 
heat absorption in the furnace, we installed 128 thermocouples on 
the furnace-face center line of various waterwall tubes and at 
various elevations throughout the furnace. This installation 
was made during the erection of the unit and at the locations 
shown in Fig. 3, which is a development of the furnace walls as 
viewed from the ‘‘outside” of the furnace. It can be seen that the 
thermocouples were installed in several bands around the furnace 
and arranged to give coverage of as nearly equal areas as possible. 
It will also be realized that it was impossible to divide the pro- 
jected areas of the waterwalls into exactly equal areas due to 
existing interference caused by tiebacks, beams, and the like. 
Since it was not felt that it was possible to install thermocouples 
on the upper rear-wall sloped section and obtain an installation 
which would be reliable throughout an extended test period, 
these thermocouples were omitted. Therefore this section of the 
rear wall is not represented satisfactorily or covered by the 


TRANSACTIONS OF THE ASME 


OCTOBER, "1950 


furnace-face thermocouples. In this particular area the tubes 
are backed with 2!/, in. of tile, the back of which is exposed to 
high-temperature gases passing through the superheater. It will 
also be noted that there are no thermocouples installed on the 
slag-screen tubes, since these tubes receive convection transfer 
as well as radiant transfer from the flame and furnace gases. 
However, aside from these areas, the furnace-face thermocouples 
were installed to give fairly complete coverage and relatively 
equal area coverage per thermocouple. Four additional thermo- 
couples were installed on the back of individual rear waterwall 
tubes at approximate elevation 463 ft. These thermocouples 
were then used as a base indication of the temperature of. the 
mixture within the tube. 

Fig. 3 also shows the numbering of thermocouples, location 
of furnace observation doors, and details of the installation. The 
numbering shown here is the instrument numbering of the various 
thermocouples and is used throughout the subsequent data and 


curves. The thermocouples were installed substantially as 
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described by Humphreys (3), a method which was used satis- 
factorily on the previously described Tidd Station tests. The 
thermocouples were installed at the center line of the furnace 
face of the tubes and consisted of No. 22 gage, glass-fiber, in- 
sulated, chromel-alumel wire. 

The instrument originally used to record the thermocouple 
data was the same 21-point Leeds & Northrup Micromax high- 
speed potentiometer-recorder which had been used during the 
Tidd tests. However, owing to the difficulties which were ex- 
perienced with this original instrument on the first series of tests, 
the committee replaced the Micromax with a Speedomax re- 
corder. The latter instrument is much more suited to our particu- 
lar purpose since it has the ability to handle exceptionally high 
lead wire resistances at a high speed of recording. The instru- 
ment was supplemented by a switching unit which contained 
seven groups of 21 contacts each, or a total of 147 points. 

Thermocouples were identified by numbering all of the seven 
groups from | to 21, inclusive. The group identification number, 
which is one of the 21 points, prints at the upper extremity of the 
chart and identifies the group being recorded at the particular 
time. The switching mechanism is entirely automatic and allows 
the 147 points (140 thermocouples) to be recorded in approxi- 
mately 30 minutes or about 12 seconds per thermocouple. While 
it was possible to increase greatly the speed of recording and thus 
decrease the time interval required for recording a complete 
cycle with the latter arrangement, it was felt unnecessary to do 
so since the variations existing during the test period were too 
small to warrant the additional volume of data. Fig. 4 shows the 
instrument mounted in a convenient location on the operating 
floor. 


DESCRIPTION OF TESTS 


The test program at Paddy’s Run Station consisted of two 
series of tests, each requiring about 10 days for completion. 
The first series of tests, containing test Nos. 1 to 14, inclusive, 


Fic. 4. Virw or L&N 140 Pornr Speepomax Rec orpina Unit 
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were run in February, 1948. The second series of tests, con- 
taining test Nos. 15 to 30, inclusive, were run in October, 1948, 

We are sorry to report that due to difficulties experienced 
with the original Micromax recorder, we did not obtain any 
thermocouple data of value during the first series of tests. 

However, the heat-balance data taken on test Nos. 1 to 14, 
inclusive, did establish that flame shape has a definite effect upon 
furnace performance and warranted further investigation. It 
was also found that the effect of varying the amount of excess 
air for combustion on furnace performance was a very difficult 
factor to isolate. On this series of tests, the committee attempted 
to investigate the effect of changing excess air under as near to 
normal operating conditions as possible, which includes the 
adjustment of secondary-air vanes to obtain the most desirable 
furnace conditions. It was found that these adjustments to the 
secondary-air vanes affected the furnace performance obtained 
for various amounts of excess air. Hence it became apparent 
that our test program should include an investigation of the effect 
of flame shape on furnace performance, and also that the effect of 
variations in excess air, which were important, would have to 
be determined at constant secondary-air vane opening even though 
this is not normal operation. It is readily realized that it is 
impossible to measure flame shape, but it is possible to establish 
definitely the secondary-air vane opening and burner-box pres- 
sure. Since the secondary-air vanes control the flame shape 
over a wide range, the committee decided to investigate the 
effect of varying secondary-air vane opening. 

The test program for the second series of tests as actually 
completed is shown in Table 1. 

Originally, it had been hoped that it would be possible to run 
individual series of tests (those tests at the same load and excess 
air with different secondary-air vane openings) consecutively, 
on the same test day, in order to determine the effect of varying 
vane opening with a minimum change in operating conditions, 
such as accumulation of ash on furnace walls. However, in 
actually running the tests it was found that the time necessary 
to establish equilibrium at the desired operating conditions made 
it impossible to complete three tests in a reasonable test day, and 
it was also found that the accumulation of ash on the furnace 
walls did not vary greatly during the entire test period. 

It was also necessary to eliminate test Nos. 20 and 23, owing 
to insufficient time available in the test schedule. 

Prior to each test period the retractable soot blowers, located 
between the slag screen and the first row of superheater elements, 
were blown, as well as the air-heater soot blowers. No other 
efforts were made to clean the unit prior to tests since the furnace 
remained relatively clean. ; 


TABLE 1 TEST PROGRAM FOR SECOND TEST SERIES 
Second- 
Heat ary- 
input Excess air 
to air vane Dura- 
furnace, at posi- No. of tion 
per cent furnace tion, burners of 
Test full outlet, per cent in test, 
no. Date load per cent open service hr 
15 10/22/48 93.2 23.0 40 8 4.0 
15A¢ 10/27/48 91.6 24.8 40 8 4,5 
16 10/22/48 92.2 25.0 60 8 4.0 
17 10/28/48 92.3 26.2 50 8 4.0 
18 10/28/48 90.6 16.9 40 8 5.0 
19 10/20/48 89.5 17.0 60 8 4.0 
21 10/25/48 92.8 29.7 45 8 4.0 
22 10/25/48 92.3 30.2 60 8 4.0 
24 10/24/48 68.7 21.4 35 8 4.0 
25 10/24/48 68.9 23.4 50 8 4.0 
26 10/24/48 69.0 24.5 65 8 5.0_ 
27 10/27/48 50.2 23.6 30 8 Sn 
28 10/30/48 49.3 QL 50 4 upper 4.0 
29 10/29/48 49.2 PEI) 50 4 lower 4.0 
30 10/30/48 49.5 215 50 2 upper 4.0 
and 
2 lower 


@ Test 154 was run under same conditions as test No. 15 and 5 days later 
as a check test. 
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When equilibrium was established at the desired test con- 
ditions, the instrument was placed in operation and all of the 
thermocouple data recorded, obtaining 8 to 11 complete cycles 
of temperature measurement for each test period. Al! board 
data and other pertinent data were recorded throughout the 
test period at regular intervals. One or two complete inspec- 
tions of the furnace-wall surfaces were made during each test 
period to establish furnace cleanliness conditions. We also 
took a pulverized-coal fineness sample from each burner conduit 
during the test period in accordance with the ASTM Code for 
Pulverized Coal Sampling. 


Meruops or ANALYZING Test DATA 


Distribution of pulverized-coal flow to the various burners 
was determined by using the pulverized-coal fineness samples as a 
measure. In taking these samples, we traversed all burner con- 
duits from two directions without changing the cyclone-vent 
position, once it had been set to provide the correct average 
recovery rate. Therefore the weight of sample collected in each 
conduit, divided by the total weight of sample collected from all 
burner conduits, was considered representative of the distribu- 
tion of pulverized coal between burners. It is of interest to note 
how well the distribution of coal flow between mill systems, as 
measured by this method, checks that determined by use of the 
coal scales. Table 2 shows the comparison of total flow to the 
A-mill system by both methods. 


TABLE 2 COMPARISON OF COAL FLOW ae A-MILL SYSTEM 
BY DIFFERENT METHO 


Per cent of Per cent of 
total coal total 
flow to A mill flow to A mill 
coal (fineness 
Test no scales) samples) 

15 48.2 50.5 
15A 49.4 48.6 
16 49.9 49.7 
17 49.6 50.1 
18 47.5 47.6 
19 46.2 45.8 
21 47.9 47.8 
22 48.5 49.1 
24 50.3 51.2 
25 51.0 52.5 
26 50.0 50.3 
27 50.0 50.3 
28 50.5 47.6 
29 43.3 43.6 
30 ee ete 


The A7-value referred to on these tests is the difference be- 
tween the temperature of the exposed surface of the furnace- 
wall tube, measured on the tube center line at various locations, 
and the average temperature of the mixture within the tube, 
as indicated by the base thermocouples. 

The distribution of heat absorption over the furnace walls 
has been represented by Figs. 5 to 19, inclusive, by use of iso- 
thermal A7-diagrams. Each diagram is actually a development 
of the furnace walls as viewed from “outside of the furnace.” 
The AT-values shown on these particular diagrams use the satura- 
tion temperature at drum pressure, correcting for difference in 
elevation, as the average temperature of the mixture within the 
tube. While the base used does not affect the distr#bution of heat 
absorption, these A7’-values may be changed to the thermocouple 
base by applying the correction noted under each isothermal AT- 
diagram. It has been found that the base thermocouples provide 
a better indication of the temperature of the mixture within the 
tube than is obtained by using the saturation temperature. 
The small arrows indicated on the circles representing burner 
openings in the front wall denote the rotation of the fuel mixture 
leaving the particular burner throat. Important test condi- 
tions are also noted on each diagram, 

Ash-coverage diagrams are also included in Figs. 5 to 19, 
inclusive, to represent the ash conditions observed on the furnace 
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walls during each test period. Fig. 20 must be used in con- 
junction with these ash-coverage diagrams, since it describes 
various types of ash found and referred to on the ash-coverage 
diagrams. Each area, on the diagram, contains the authors’ 
estimate of the per cent coverage, average depth of ash, and 
type of ash. The locations of observation doors used for these 
furnace observations are also shown. The small arrows repre- 
sent a general indication of the direction of gas flow noted at 
various points throughout the furnace. We have also attempted 
to indicate an approximate flame angle leaving the burner throats 
for all tests. 

The distribution of heat absorption over the height of the 
furnace is represented for various series of tests in Figs. 22 to 28, 
inclusive. This distribution is shown by plotting the average 
AT of all thermocouples located at a particular elevation against 
the height of the furnace in feet above the center line of the 
hopper throat. Average rate of heat absorption at the various 
elevations may be approximated by multiplying the average 
AT-value by a factor of 1060 Btu/(sq ft) (hr) (deg F). 

The AT-values obtained for these tests do, of course, present a 
means of estimating the total amount of furnace heat absorption 
if certain assumptions are to be made. However, any such 
calculations are subject to many possible errors, some of which are 
constant and others variable. Some of the inherent errors, which 
must be remembered whenever considering results obtained from 
such calculations, are as follows: 


(a) Possible variation of true temperature measurement 
with the age of the thermocouple. 

(b) Errors due to the effect of ash accumulating at the 
thermocouple location and not on the surrounding surface, caused 
by the protective shield, and thus not giving an accurate tem- 
perature measurement of the exposed surface represented by the 
thermocouple. 

(c) Variations of the internal cleanliness of the tube. 

(d) Variations of inside-film conductance under various con- 
ditions of load and internal cleanliness. 

(e) Errors caused by improper weighting of thermocouple 
data with respect to the surface represented. 

(f) Errors due to the impossibility of covering adequately 
the entire projected area of the furnace waterwalls. 

(g) Errors due to the difficulty in obtaining the true tempera- 
ture of the mixture within the tube at the many thermocouple 
locations. 


It also must be recognized that a 1-deg error in temperature 
measurement can result in an 8 per cent error in the furnace 
heat-absorption results at 50 per cent full load. 

However, we have made calculations using assumptions 
similar to those used by Schueler (2). 

The thermal conductivity of the tube metal was assumed to be 
348 Btu/(sq ft-hr)/in., and by using the tube OD of 3 in. with 
an average ID of 2.524 in., we obtained a value for metal con- 
ductance of 1342 Btu/(sq ft) (hr) (deg F) when referred to the 
OD of the tube. A film conductance was assumed to be 5000 
Btu/(sq ft) (hr) (deg F) when referred to the OD of the tube. 
The over-all conductance through the tube metal and film was 
then calculated to be 1060 Btu/(sq ft) (hr) (deg F). The total 
projected area of the furnace is 8884 sq ft, which includes 
the projected area of all waterwall surface in the furnace above the 
hopper throat and the projected area of the outlet aperture. 

Total furnace heat absorption was then determined by the 
following equation: 


Absorption = U,SAT, Btu per hr 


where 
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U, = over-all conductance of metal and film = 1060 Btu/ 
(sq ft) (hr) (deg F) 
S = total projected area of furnace surface = 8884 sq ft 
AT = average difference in temperature between surface at 


furnace-face center line and temperature of mixture 
within tube as indicated by base thermocouples 


U,SAT = 1060 X 8884 X AT 
= 9,417,000 < AZ’, Btu per hr 
9.417 X AT MKB per hr 


Furnace heat-absorption efficiency then becomes 


Effici 417 xX AT A) 
4 = 
eo Net heat available to furnace 


The value of heat absorption for the AZ’ method has been 
determined for each complete test as well as furnace heat-absorp- 
tion efficiency. Fig. 21 shows a comparison of the furnace heat ab- 
sorption as obtained from the A7-results with the furnace heat 
absorption as determined by heat-balancing the furnace. 
This curve shows that, in general, a fairly good correlation is 
obtained between the two methods. 


ANALYSIS OF RESULTS 


Table 3 shows the average of all board data and all other 
pertinent operating data, such as burner-box pressures, burner 
settings, pulverized-coal fineness, etc., taken during the tests. 

Table 4 shows the distribution of pulverized coal between 
burners on each test in per cent of total coal flow to the furnace. 

Table 5 shows the average value of AT obtained at each fur- 
nace-face thermocouple location. 

Table 6 presents a summary of the important test conditions 
and results for all complete tests. 

Figs. 5 to 19, inclusive, show the distribution of heat absorption 
in the furnace and furnace-wall cleanliness for all of the operating 
conditions studied. 

Figs. 22 to 28, inclusive, show the distribution of heat absorp- 
tion over the height of the furnace for all of the operating condi- 
tions, and these curves are arranged in groups to facilitate the 
study of the effect of the various operating variables. 

Figs. 29 to 32, inclusive, show the furnace heat-absorption ef- 
ficiency, as determined by the A7-results for all of the operating 
conditions studied. 

Owing to the inherent errors involved in any calculations, 
based upon the A7J-values, the analysis of these data necessarily 
must be qualitative. The curves have been drawn to indicate 
trends in the distribution of heat absorption and furnace ef- 
ficiency for this particular furnace under the operating conditions 
studied. 

Referring to the ash-coverage diagrams, it is found that, in 
general, the furnace walls remain relatively clean under all of the 
operating conditions investigated. The only furnace-wall sur- 
face which accumulated any appreciable amount of ash is that 
surface of the rear wall located directly opposite the burners. 
In this location the ash coverage varies with operating conditions 
and the surface periodically cleans itself. The ash coverage on 
the side walls is negligible and is confined to small fingers which 
project out from between the tubes toward the direction of gas 
flow. The front-wall surface has no ash coverage other than a 
light dust coating about 1/16 in. thick. Heavy formations of ash 
somewhat similar to stalactites were found hanging vertically 
down from the bottom of the slag-screen opening on all tests. 
These formations varied in size for the different tests since 
their accumulated weight occasionally would cause them to 
break away and fall to the ash pit. The average diameter of these 
formations at their base was 8 to 10 in. and their length approxi- 
mately 12 to 18in. They were held in place by their base, form- 
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ing at the location where the rear-wall tubes were bent out of line 
to form the slag screen. Similar ash formations were found at 
the bottom of the rear-wall sloped section. Here the ash ap- 
peared to be dry and sintered and again built up until the accumu- 
lated weight caused it to break away. These pieces were of the 
same general size as described previously and could be broken 
off easily. It is possible that a small eddy was located in this 
corner of the furnace and aided the growth of these formations. 

Referring to the isothermal AT-diagrams, it may be seen that 
zones of relatively high absorption rates existed in that area of 
the side walls adjacent to the burners under all operating condi- 
tions. These zones, in general, indicated absorption rates in the 
vicinity of 50,000 to 75,000 Btu/(sq ft-hr), whereas the average 
absorption rate for the entire furnace is approximately 40,000 
to 45,000 Btu/(sq ft-hr) at fullload. The absorption rates found 
in these zones for some operating conditions are probably higher 
than those experienced in the normal operation of this furnace, 
since normally the secondary-air vanes are adjusted as required 
to obtain the optimum furnace conditions with no flame impinge- 
ment. On these tests we used the vane adjustments to provide 
changes in flame shape so that we might study its effect upon 
furnace performance. 

The sloping section of the rear wall which forms part of the 
ash hopper also showed relatively high heat-absorption rates in 
all cases, apparently due to the cleanliness of the surface in this 
area and the fact that this surface has an excellent ‘‘view” 
of the flames. The heat absorbed by the rear wall, where the 
surface is not affected by ash coverage, is generally higher than 
found on the other walls. The highest average absorption rates 
for any elevation are found in the lower part of the furnace and 
usually reach their maximum at the elevation just below the 
burners. The maximum might occur at the burner elevation if 
the furnace-wall surface in this area were not affected by ash 
accumulations. 

A wide variation in absorption rate is found at the burner 
elevation for the various operating conditions studied, again 
indicating that this area is affected by ash accumulation which 
varies with operating conditions, or cleans itself periodically. 
On the curves representing the distribution of heat-absorption 
rates over the height of the furnace, it is found that the heat- 
absorption rates decrease in going to the higher furnace eleva- 
tions, but that a second peak of increased absorption rates occurs 
in that part of the furnace where the cross-sectional area is re- 
duced by the sloping section of the rear wall. Since this same 
characteristic is noted for all operating conditions, it seems that, 
at least partially, it is caused by an increase in convection transfer 
in this region due to the “scrubbing” action of the furnace gases 
against the wall surface as the cross-sectional area of the furnace 
is reduced. This is also shown by the isothermal AT7-diagrams 
where zones of slightly higher absorption rates are found at this 
elevation on the side walls and the front wall. 

The furnace heat-absorption efficiency was indicated to be 
approximately 41 per cent at full load, under normal operating 
conditions. 

The effects of the various operating variables on distribution of 


heat absorption in the furnace and furnace efficiency are analyzed 


under separate headings which follow: 


Effects of Varying Secondary-Air Vane Opening. Based upon 
our experience with these burners, we investigated this variable 
in the range of 40 to 60 per cent vane opening at full load and 
35 to 65 per cent vane opening at 75 per cent full load. These 
ranges of vane opening provide sufficient variations in flame shape 
and still maintain satisfactory furnace conditions. 

(a) 100 per cent full load—25 per cent excess air (test Nos. 
15 to 17, inclusive): Under these conditions, it was found that 
the amount of ash accumulated on the rear wall opposite the 
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HEAT AVAILABLE 
TEST NO. MKB/HR. %FULL LOAD 
KIS 793.7 93.2 
o1sA 760.5 91.6 
ol6 765.2 92.2 
aig 787.2 92.3 
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Fic. 21 Comparison or FurNAcE Herat ABSORPTION COMPUTED 
From Wauut Tuse AT-Data Wirth Furnace Heat ABSORPTION 
ComPuTED FRom FuRNACE Exit-Gas TRAVERSE 


EXCESS AIR SEC.AIR VANE POS BURNERS 
% % OPEN 
23.0 40 8 
248 40 6 
25.0 60 8 
26.2 50 8 


OTAL AV6. 


HEIGHT ABOVE ¢ OF HOPPER THROAT -FT. 


Fig. 22 Furnace Tusp AVERAGE AT-VARIATION WitH LeveL FoR THREE SECONDARY-AIR VANE POSITIONS 
av Fuxtu Loap anp AsouT 25 Per Cent Excess Air AT FURNACE OUTLET 


burners increased slightly as the vanes were opened. This, of 
course, was accompanied by a decrease in absorption rate in this 
area. While the front-wall surface remains clean during these 
changes in vane opening, the heat absorbed by this surface 
decreased as the vanes were opened. The distribution of heat 
absorption in the side walls did not vary greatly, although there 
are some indications that the zones of relatively high absorption 
rates near the burners contain lower absorption rates at 50 per 
cent vane opening. Considering the distribution of heat ab- 
sorption over the height of the furnace, it was found that at the 
6-ft elevation there was little change in the average heat-ab- 
sorption rates. However, between the 6-ft and 35-ft elevation, 
the heat absorption varied considerably for the different vane 
openings, apparently caused by the variations in ash coverage of 
the rear wall in this area. From elevation 35 ft to the top of the 


furnace, the trends in absorption rates are the same for various 
vane openings, but the tests with the higher vane openings show 
lower absorption rates. The furnace heat-absorption efficiency 
decreased about 4 per cent as the vane openings were increased 
from 40 to 60 per cent. 

(b) 100 per cent full load—I17 per cent excess air (test Nos. 
18 and 19): Again, it was found that the heat absorption in the 
front wall decreased as the vanes were opened, while the cleanli- 
ness in this area remained constant. The ash coverage of the 
rear wall did not vary appreciably between tests. The zones of 
relatively high heat absorption on the side walls near the burners 
did not change greatly as the vane openings were varied, but it 
did appear that the absorption rates found in these zones were 
reduced as the vane openings were increased. In studying the 
distribution of heat absorption over the height of the furnace, it 
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HEAT AVAILABLE 
TEST NO. MKB/HR, %FULL LOAD 


o 16 785.2 92.2 
x 19 761.5 69.5 
oO 22 766.6 92.3 
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EXCESS AIR SEC. AIR VANE POS, BURNERS 
Exe % OPEN 
25.0 60 8 
17.0 60 8 
30.2 60 8 
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Fic. 27 Furnace Tuse Lever AveracEe AT-VariatTion Wits Excess Air aT FuLtt Loap AND 
60 Per Cent Seconpary-AIR VANE PosITION 


HEAT AVAILABLE 
TEST NO. MKB/HR. %FULL LOAD 
615 793.7 93.2 
@ 24 5864.9 68.7 
xX 27 427.1 50.2 


EXCESS AIR SEC.AIR VANE POS. _BURNERS 
<s % OPEN 
23.0 40 8 
21.4 35 8 
23.6 30 8 


LEVEL AVERAGE bT °F 
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HEIGHT ABOVE ¢ OF HOPPER THROAT- FT. 


Fig. 28 Furnace Tuse Levey Averace AT Wrrsa Variations IN Net Heat AVAILABLE TO FURNACE 
vor NorMAu SECONDARY-AIR VANE PosiTIONS AND ABouT 25 Prr Cent Excess AIR 


was found that the trends obtained for both of these vane openings 
were the same but that slightly lower absorption rates were 
found over the height of the furnace with the higher vane opening. 
It was noted that there was little variation in absorption at the 
burner elevation, which indicates that the ash accumulation in 
this region and its variations were small on both of these tests. 
The furnace efficiency decreased about 2 to 3 per cent as the vanes 
were opened from 40 to 60 per cent. 

(c) 100 per cent full load—30 per cent excess air (test Nos. 
21 and 22): The heat absorbed by the front wall decreased as 
the vanes were opened. The absorption rates in the zones of 
relatively high absorption on the side walls decreased as the 
vanes were opened. ‘The ash coverage of the rear wall opposite 
the burners apparently increased as the vanes were opened, 
causing a decrease in absorption rates in this area. The dis- 


tribution of the heat absorption over the height of the furnace 
was not changed greatly as the vane openings were varied; 
On both tests it is indicated that ash coverage at the burner 
elevations caused a reduction in heat-absorption rates in this 
area. The furnace efficiency remained nearly constant as the 
vane openings were varied, since a decrease of only 1 per cent 
was shown as the vane openings were increased from 45 to 60 
per cent. 

(d) 75 per cent full load—25 per cent excess air (test Nos. 
24 to 26, inclusive): The heat absorbed by the front wall de- 
creased when the vane openings were increased. The high ab- 
sorption zones on the side walls did not appear to change sig- 
nificantly as the vane openings were varied. The distribution of 
heat absorption over the height of the furnace did not change 
greatly as the vane openings were varied although higher rates 
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TABLE 3 SUMMARY OF OPERATING AND TEST DATA FOR TEST NO. 15 THROUGH 30 


TEST NUMBER 
DATE = 1%8 
TDE - START 
DURATION — HOURS 


INTEGRATORS 3 
CORRECTED STEAM FLOW 
CORRECTED FEEDWATER FLOW 
SUPERHEATER CONDENSER FLOW 
COAL FLOW = 3A MILL 
COAL FLOW = 3B MLL 
TOTAL COAL FLOW 


TEMPERATURE RECORDERS: 
FINAL STEAM TEMPERATURE 
FEEDWATER ENTERING SCONOMIZSR 
FEEDWATER LEAVING ECONOMIZER = NORTH 
FEEDWATER LEAVING ECONCMIZER « SOUTH 
FEEDWATER LEAVING SUP-RHEATER CONDENSER = NORTH 
FEEDWATER LEAVING SUPERHEATER CONDENSER = SOUTH 
GAS TEMPERATURE ENTERING ECONOMIZER 
GAS TEMPERATURE LEAVING ECONOMIZER = NORTH 
GAS TEMPERATURE LEAVING ECONOMIZER = SOUTH 
GAS TEMPERATURE LEAVING AIR HEATER = NORTH 
GAS TEMPERATURE LEAVING AIR HEATFR = SOUTH 
AIR ENTERING AIR HEATEK = NORTH 
AIR ENTERING AIR HEATER = SOUTH 
AIR LEAVING AIR HEATER = NORTH 
AIR LEAVING AIR HEATER = SOUTH 


AT ONTERING 3A MILL 
AIR ENTERING 3B MILL 
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PRESSURES 
SUPERHEATER OUTLET HEADER 
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PULVERIZED FUEL SYSTEM: 
NUMBER OF PULVERIZERS IN SERVICE 
NUMBER OF MAIN BURNERS IN SERVICE 
NUMBER OF AUXILIARY BURNERS IN SERVISE 
SECONDARY AIR VANE PLSITION = 3a2 
SECONDARY AIX VANE POSITION = 3B2 
SECONDARY AIk VANE POSITION = 3B22 
SECONDARY AIX VANE POSITION = 3a22 
SECONDARY AIR VANE POSITION = 3m 
SECONDARY AIR VANE POSITION ~ 3al 
SECONDARY AIR VANE POSITION = 3al1 
SECONDARY AIK VANE POSITION = 3BlL1 
AUCILIARY AIR DAMPER POSITION - 3A1 
AULILIARY AIR DAMPER POSITION - 3A2 
AUXILIARY AIR DAMPER POSITION ~ 3B1 
AUXILIARY AIR DAMPSR POSITION = 3B2 
CAPACITY DAMPER POSITION = 341 
CAPACITY DAMPER POSITION = 342 
CAPACITY DAMPER POSITION = 3B1 
CAPACITY DAMPER POSITION = 3B2 
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MISCELLANEOUS DRAFTS: 
INDUCED DRAFT AT FAN B 
INDUCED DRAFT AT FAN A 
AIR HEATKR DIFFERENTIAL B 
AIR HEATER DIFFERENTIAL. & 
ECONOMIZER DIFFERENTIAL B 
ECONOMIZER DIFFERENTIAL A 
EXTENDED SURFACE DIFFERENTIAL 
SUPERHEATER DIFFERSNT IAL 
SLAG SCREEN DIFFERENTIAL 
UPPER FURNACE 
LOWER FURNACE 
FORCED DRAPT AT FAN A 
FORCED DRAFT AT FAN B 
FORCED DRAFT DOCT PRESSURE A 
FORCED DRAFT DUCT PRESSURES B 
SECONDARY AIR PRESSURE 
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MILL DIFFERENTIAL A 2 

MILL DIFFERENTIAL B 1 

MILL DIFFERENTIAL B 2 

HIGH LEVEL DIFFERSNTIAL = A MILL 
HIGH LEVEL DIFFERENTIAL = B MILL 
LOW LEVEL DIFFERENTIAL = a MILL 

LOW LEVEL DIFFERENTIAL = 3 MILL 

MILL SUCTION = A MILL 

MILL SUCTION - 3 MILL 
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COAL AIX TEMPERATURE LEAVING MILL: 
COAL AIX TEMPERATURE A 1 
COAL Alk T=MPERATURE A 2 
COAL AIR TEMPERATURE B 1 
COAL AIR T=IMPERATURE B 2 


PULVERIZED COAL FINENESS: 
THRU 50 MESH 
THRU 100 MESH 
THRU 200 MESH 


ASH TEMPERATURES 3 
INITIAL DEFORMATION 
SOFTENING 
FLUID 


RAW COAL ANALYSIS: 
GRINDABILITY 
FEAT CONTENT (AS RECEIVED) 
HEAT CONTENT(M & A FREE) 
MOISTIRE (AS RECEIVED) 
ASH (AS RECEIVED) 
VOLATILE (AS RECHIVED) 
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HEAT INPUT IN FUEL AND AIR MKB PER 
HEAT AVAILABLE TO FURNACE MXB PER 
AVERAGE FURNACE EXIT GAS TEMPERATURE (Mav) 
AVERAGE FURNACE WALL THERMOCOUPLE ST 

EXCESS AIR AT FURNACE OUTLET 


CRACKED WITH ROTATION 
CLOSED 
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WHEATER, HOWARD—FURNACE HEAT ABSORPTION IN STEAM GENERATOR, LOUISVILLE, KY. 919 


TABLE 4 PULVERIZED-COAL DISTRIBUTION BETWEEN BURNER CONDUITS IN PER 
CENT OF TOTAL FLOW TO UNIT 


Burner 

conduit 
test 
no. 3Al 38All 3A2 8A22 3B1 3B11 3B2 3B22 
15 12.5 13.4 12.2 12. 13.4 11.6 12.5 12.0 
15A LAG 13.4 12.0 11.6 13.8 13.8 11.5 12.3 
16 12.6 13.8 Aa 11.2 12.5 12.6 12.6 12.6 
17 13)s7 13.6 11.2 11.6 12.3 13.2 tare sare 
18 12.6 13.4 11.0 10.6 Pia! 13.9 12.9 12.5 
19 11.3 12.3 11.2 1170 13.6 13.5 13.3 13.8 
21 12.0 12.9 11.9 11.0 13.5 12.5 13.5 er 
22 13.0 13.4 11.6 nie se | 14.0 13.3 11.5 12.1 
24 13.6 14.0 12,3 11.3 12.8 12.3 12.3 11.4 
25 13.2 14.2 14.1 ERO) Ue See | 12.5 11.5 9.8 
26 13.5 13.0 : Beef 12.1 12.7 12.8 12.8 11.4 
27 12.0 12.8 12.2 13.3 14.4 12.4 11.6 ES 
28 23.0 24.6 27.0 25.4 
29 23.1 20.55 28.3 28.1 
30 25.6 27.0 22.9 24.5 
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TABLE 6 SUMMARY OF CONDITIONS AND RESULTS OF TESTS NOS. 15 THROUGH 30 
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ah 10-27-48 733° % 91.6 Bh 8 
16 10-22-48 785.2 92.2 25.0 
17 10-28-48 787.2 92.3 26.2 
18 10-28-48 772.4 6 16.9 
19 10-20-48 761.5 bor5 17.0 
21 10-25-48 791.0 92.8 29.7 
22 10-25-48 786.8 92.3 30.2 
au 10-24-48 584.9 68.7 21.4 
25 10-2448 286-2 68.9 23. 
26 10-24-48 587. 69.0 245 
2 10-27-48 427.1 60-2 23.6 
2 10-3 418.2 9.3 D7 
29 10-29-48 418, 49,2 23.0 
30 10-30-48 419. 49.5 B2ie5 
* - upper 
** — lower 
**s — normal 
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Fic. 29 VARIATIONS OF FuRNAcE Heat-ApsorPTion Errictency Witu Ner Heat Inreur To FURNACE 
FOR THREE DirrERENT SEcONDARY-AIR VANE Positions WitH E1aHT BURNERS IN SERVICE AND 
APPROXIMATELY 25 Per Cent Excess Arr at Furnace OvTietr 


of absorption were found on the tests at the lower vane openings. 
The heat-absorption rates at the burner elevations were low on 
all of these tests, apparently owing to the ash coverage in this 
area. It is also possible that this ash was deposited on some of 
full-load tests and that the change in furnace rating was not 
sufficient to allow it to clean itself. Increasing the vane opening 
under these conditions caused a decrease in furnace heat-absorp- 
tion efficiency of about 3 to 4 per cent. 

(e) General: Summarizing the foregoing results, it is found 
that increasing the vane opening results in decreasing the heat 


absorbed in the front wall and usually causes a reduction in 
absorption in the rear wall owing to an increase in ash coverage. 
The rate of heat absorption in those zones of relatively high 
absorption rates on the side walls near the burners usually de- 
creases as the vanes are opened. The distribution of heat 
absorption over the height of the furnace does not vary greatly 
in any range of elevation other than in the vicinity of the burners, 
but lower absorption rates are found throughout the furnace as 
the vane openings are increased. The effect of varying vane 
opening on furnace heat-absorption efficiency at full load seems 
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FURNACE HEAT ABSORPTION EFFICIENCY 


EXCESS AIR AT FURNACE OUTLET-% 


Fig. 30 Variation or Furnace Hrat-ABSORPTION EFriciENcy 

Wirth Srconpary-ArR VANE OPppNING AT APPROXIMATELY 100 

Per Cent Furt Loap ror THren Dirrerent Excess-AIR VALUES 
AT FURNACE OUTLET 


FURNACE HEAT ABSORPTION EFFICIENCY~% 


SECONDARY AIR VANE POSITION - % OPEN 


Fie. 32 Variation or FurNAcE Heat-ABSORPTION EFFICIENCY 

With Sreconpsary-Airk VANE PosITION FOR APPROXIMATELY 75 

Per Cent Furzt Loap Wits 25 Per Cent Excess Arr at FURNACE 
OUTLET 


to change depending upon the excess air used. At 17 and 25 
per cent excess air, we found a decrease of approximately 2 to 
4 per cent as the vanes were opend, but found only a slight de- 
crease in efficiency as the vane opening was increased at 30 per 
cent excess air. The effect of vane openings on furnace efficiency 
seems to be slightly reduced as the furnace rating is reduced. 
Effect of Varying Heat Input to Furnace. The effect of varying 
heat input was studied between the approximate range of 50 
to 93 per cent full load at 25 per cent excess air at the furnace 
outlet with eight burners in service. The effect of this variable 
alone is probably best shown by comparing test Nos. 15, 25, 
and 27, where the secondary-air vane openings were 40, 35, and 
30 per cent open, respectively. Other comparisons in the range 


60 


50 


40) 


FURNACE HEAT ABSORPTION EFFICIENCY - % 


SECONDARY AIR VANE POSITION 


Fie. 31 VartatTion or Furnace Heat-ABsorPTION EFFICIENCY 

With Excess Arr aT FuRNACE OUTLET FOR THREE DIFFERENT 

Seconpary-AirR VANE SETTINGS AT APPROXIMATELY 100 Per CEentT 
Fuuiui Loap 


of about 70 per cent to 93 per cent full load may also be made. 
Test Nos. 17 and 25 were run at 50 per cent vane opening, and 
test Nos. 16 and 26 were made at 60 to 65 per cent vane opening. 

Comparing test Nos. 15, 24, and 27, it is found that the dis- 
tribution of heat absorbed in the front wall does not vary greatly, 
regardless of the heat input, although, of course, it increases in 
amount as the heat input is increased. The location of the zones 
of higher absorption found on the side walls near the burners 
does not change greatly as the heat input is increased, but the 
rate of heat absorption in these zones increases. The rear 
wall is less affected by ash accumulation at the lower heat inputs 
with the result that it has a more uniform and nearly as great 
absorption at the lower loads as are obtained at the high load. 
In general, the isothermal diagrams become a little more spotted 
at 50 per cent full load. 

Comparing the distribution over the height of the furnace, 
it is found that the general trends remain the same, except at the 
burner elevations. At full load, it is noted that there is a small 
reduction in the absorption in this particular area when com- 
paring it to elevations both above and below this region. At 
about 70 per cent full load, there is a considerable reduction in 
absorption at the burner elevation, but it is felt that this is caused 
by ash coverage on the rear wall which was accumulated during 
some of the various operating conditions at full load and did not 
clean itself, thus distorting the true distribution at this load. 

At 50 per cent load, it is found that the distribution of heat 
absorption over the height of the furnace is much more uniform 
than found under the preceding conditions and reaches a maxi- 
mum at the burner elevation. This indicates that at 50 per cent 
load the distribution of heat absorption is not affected by ash 
coverage and that the ash coverage is negligible. The other tests 
show about the same results for the range in which they were 
investigated. 

The furnace heat-absorption efficiency for test Nos. 15, 24, 
and 27 indicates that, as the heat input is increased in the range 
from 50 to 70 per cent full load, there is only a slight decrease in 
furnace efficiency, but that increasing the heat input in the 
range from 70 to 93 per cent causes an appreciable reduction 
in furnace efficiency (about 7 per cent). Comparing the other 
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tests at 50 and 60 per cent vane opening in the range from 70 
to 93 per cent, the same results are noted. 

Effect of Varying Excess Air at Furnace Outlet. The effect of 
varying excess air at the furnace outlet was studied at approxi- 
mately full load in the range between 17 to 30 per cent. Test 
Nos. 15, 18, and 21 were all run with approximately 40 per cent 
secondary-air vane opening. Test Nos, 16, 19, and 22 were all 
run with 60 per cent vane opening. It is found that the dis- 
tribution of heat absorption on the various furnace walls 
varies only a small amount as the excess air is increased, although 
there are some indications that the absorption rates in the rear 
wall are decreased as the excess air is increased, apparently due 
to an increase in ash coverage. The zones of high absorption 
on the side walls near the burners do not seem to vary sig- 
nificantly as the excess air is changed, although the rates of heat 
absorption found were a little higher at the low excess air. 

In’ studying the distribution of heat absorption over the 
height of the furnace at 60 per cent vane opening, it is noted 
that from elevation 35 ft to the top of the furnace there is little 
change in distribution regardless of the amount of excess air used, 
but that considerable variations are found from the hopper 
throat up to the 35-ft elevation, 

At 17 per cent excess air the heat-absorption rate reaches a 
maximum at the burner elevations. At 25 per cent excess air, 
the absorption rate is rather constant over this range of elevation. 
At 30 per cent excess air there is a considerable reduction in the 
heat absorption at the burner elevations, but the heat absorption 
is higher just under the burner elevations than is noted under 
the other conditions. These same general characteristics are 
noted in comparing the tests at 40 per cent secondary-air vane 
opening. 

It was indicated that the furnace heat-absorption efficiency 
at 40 per cent vane opening decreased rather rapidly as the excess 
air was changed from 17 to 25 per cent, and then remained ap- 
proximately constant as the excess air was increased from 25 to 
30 per cent. It was also indicated that at 60 per cent vane open- 
ing the furnace efficiency decreased rapidly between 17 and 25 
per cent excess air, and then increased slightly as the excess 
air was increased from 25 to 30 per cent. This indicates that, as 
the excess air is increased at constant vane opening from 17 to 
25 per cent excess air, there is a reduction in furnace efficiency 
which can be recovered partially by increasing the excess air 
further. This might be caused by the increase in the angular 
velocity of the mixture leaving the burner throat. Both the 
study of variations of the amount of excess air and the study 
of variations in secondary-air vane opening seem to indicate that 
an increase in the angular velocity of the fuel mixture leaving the 
burner throats results in improving the mixing of the fuel and 
air and possibly increases the rate of combustion of the fuel 
particles. Thus it seems possible that the temperature of the 
flame envelope might be changed as well as its shape as the 
angular velocity of the fuel mixture is changed. 

Effect of Various Combinations of Burners in Service at 60 Per 
Cent Full Load. Test Nos. 27 to 30, inclusive, were run at about 
50 per cent full load with approximately 25 per cent excess air 
at the furnace outlet. Test No. 27 was run with all eight burners 
in service, Test No. 28 with only the four upper burners, Test 
No. 29 with only the four lower burners, and Test No. 30 with 
the two upper inside burners and the two lower outside burners 
in service. It was found that the distribution and amount of 

heat absorbed by the front wall did not vary greatly on any of 
these tests. The heat absorption by the rear wall did change 
considerably depending upon which burners were used. The 
absorption by this wall was much more uniform when all eight 
burners were used and also much less affected by ash coverage. 
It was found that the location of higher absorption rates on 
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the rear wall changed with the combinations of burners in service. 
They were located highest on the rear wall with the four upper 
burners in operation and lowest when the four lower burners were 
used. The zones of high absorption rates on the side walls near 
the burners did not vary greatly but yet tended to shift up and 
down, depending upon which burners were used. These zones 
contained the lowest absorption rates when all eight burners were 
used. 

When studying the distribution of heat absorption over the 
height of the furnace for these tests, it was found that from the 
35-ft elevation to the top of the furnace there was little change in 
distribution. However, from the ash-hopper throat up to the 
35-ft elevation, the distribution was changed considerably for the 
various burner combinations. With the four lower burners in 
operation, the maximum absorption rates were found just below 
the lower burner elevations. With the four upper burners in 
operation, the maximum absorption rate was found at the ele- 
vation of these upper burners. When the two upper and two 
lower burners were used, the maximum heat-absorption rate 
was found to be less than those obtained with the other four 
burner combinations and spread over a wider range of elevation, 
reaching its maximum near the elevation of the lower burners. 
When eight burners were used, the absorption rate in this region 
was much lower and much more constant, reaching its maximum 
value at the elevation of the upper burners. 

It was indicated that the lowest furnace efficiency was ob- 
tained with eight burners in operation and increased in the 
following order; four upper burners, four lower burners, and two 
upper and two lower burners. However, using the convection 
superheater as an indication of furnace efficiency, it was found 
that the four lower burner operation resulted in a higher furnace 
efficiency than was obtained with the two upper and two lower 
burner operation. It also seems that the difference in efficiency 
between four lower burner operation and two upper and two lower 
burner operation is too small to establish definitely by the AT- 
method, which is the more efficient. 


CoNCLUSIONS 


Based upon the foregoing data and analysis of results, we 
have formed the following conclusions concerning the performance 
of this furnace under the operating conditions investigated: 


1 Ash does not collect in sufficient quantities to affect the 
heat absorption by the furnace-wall surface at any location other 
than the area of the rear wall at the burner elevations, where 
there is a tendency to accumulate and shed ash under some of the 
operating conditions studied. 

2 Considering the distribution of heat absorption over the 
height of the furnace, it is found that the average absorption 
rates are usually highest at the elevation just below the burners, 
although indications show that the maximum might be found at 
the burner elevations if it were not for the effect of ash coverage 
in this area. A second peak of higher absorption rates occurs at 
the elevation where the cross-sectional area of the furnace is 
reduced, near the top, by the rear-wall sloping section. 

3 Variations in absorption rates for clean furnace surface 
throughout the furnace do not exceed a magnitude of 3 or 4 to 1. 
Zones of 60,000 to 75,000 Btu/(sq ft-hr) absorption rates exist 
in that area of the side walls near the burners, and relatively high 
rates of absorption occur in that area of the rear wall which forms 
part of the hopper throat at the bottom of the furnace under all 
of the operating conditions studied. 

4 Opening the secondary air vanes, in the ranges studied, 
causes (a) a reduction in heat absorbed by the front walls ; 
(b) an increase in ash accumulation on the rear wall opposite the 
burners, accompanied by a decrease in absorption in this area ; 
(c) a reduction in absorption rates in the zones of higher absorption 
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on the side walls near the burners; (d) a decrease in absorp- 
tion at the burner elevations and lower absorption rates through- 
out the furnace; and (e) a decrease in furnace efficiency, which 
varies with excess-air and heat-input conditions. 


5 Increasing the excess air for combustion, in the range from 
17 to 30 per cent, causes (a) a reduction in heat absorption at the 
burner elevations; (6) an increase in ash coverage in that area 
of the rear wall directly opposite the burners; and (c) a decrease 
in furnace heat-absorption efficiency with varying characteristics, 
depending upon which secondary-air vane opening is used. 

6 Variations in the combination of burners in service, at 50 
per cent full load, causes (a) changes in the ash coverage on the 
rear-wall area opposite the burners; (b) variations in the average 
absorption rates at the burner elevations, and the locations of 
higher absorption zones shift up and down, depending upon the 
burners used; and (c) variations in furnace heat-absorption 
efficiency in the range of approximately 5 per cent. 


7 The AT-method provides a good means of determining the 
distribution of heat absorption in the furnace and many of its 
inherent errors apparently cancel themselves in the determination 
of the furnace heat-absorption efficiency. However, it’is recom- 
mended that wherever furnace efficiency is concerned, the 
reader should also refer to the heat-balance data contained in 
Part II of the investigation at Paddy’s Run Station. 


The data, diagrams, and curves which have been included in 
this paper should be of considerable assistance to the furnace 
designer and operator in predicting performance characteristics 
of similar furnaces, although it must be recognized that other 
operating variables, such as different characteristics of the fuel 
fired, may revise or modify some of the results which have been 
found. 
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Furnace Heat Absorption in Paddy’s Run 
Pulverized-Coal-Fired Steam Generator, 
Using Turbulent Burners, Louisville, Ky. | 


Part IL Furnace Heat-Absorption Efficiency as Shown by 
Temperature and Composition of Gases Leaving the Furnace 


By R. C. COREY! anv PAUL COHEN,? PITTSBURGH, PA. 


This paper is part of the second of a series of formal re- 
ports on investigations of heat absorption and distribu- 
tion of heat transfer in representative pulverized-coal- 
fired boiler furnaces, sponsored by the ASME Special Re- 
search Committee on Furnace Performance Factors. 
The results are presented of fifteen determinations of heat 
absorption in the furnace of a 640,000 lb per hr boiler with 
horizontal firing, operating at 950 psig and 900 F at the 
superheater outlet. The effect on furnace heat-absorption 
efficiency is shown for variation of (a) the heat available in 
the furnace, (6) the excess air, (c) the setting of the second- 
ary-air vanes of the turbulent burners, and (d).at low 
loads, the number and location of the burners used. De- 
tailed data are given for the distribution of excess air and 
gas temperature at the furnace outlet. The heat-absorp- 
tion data are analyzed in terms of radiation heat transfer, 
and the significance of flame location, volume, and shape 
is discussed. 


INTRODUCTION 


HIS paper presents the results of determinations of the 
heat-absorption efficiency of a central-station, pulverized- 
coal-fired, steam-boiler furnace, for a variety of operating 
conditions. It is a part of the report of the second? of a series of 
comprehensive investigations of heat transfer in boiler furnaces 
by the Special Research Committee on Furnace Performance 
Factors of the Society. The unit studied in this second investi- 
gation is boiler No. 3, Paddy’s Run Station, Louisville Gas & 
Electric Company, Louisville, Ky., a single-drum boiler, with a 
dry-bottom furnace, fired from the front wall with eight horizon- 
tal turbulent burners arranged in two rows and rated at 640,000 
lb of steam per hr at 950 psig and 900 F at the superheater outlet. 
The investigation of this unit by the committee consisted of 


1 Supervising Engineer, Combustion Research Section, Bureau of 
Mines. Mem. ASME. 

2 Fuel Engineer, Combustion Research Section, Bureau of Mines. 
Mem. ASME. 

3 The report on the first unit studied, Boiler No. 11, Tidd Station, 
has already been published: ‘‘An Investigation of the Variation in 
Heat Absorption in a Pulverized-Coal-Fired Water-Cooled Steam- 
Boiler Furnace,” by L. B. Schueler, et al, Trans. ASME, vol. 70, 
1948, pp. 553-619. 

Contributed by the Special Research Committee on Furnace Per- 
formance Factors, and the Fuels, Power, and Heat Transfer Divi- 
sions and presented at the Annual Meeting, New York, N. Y., No- 
vember 27—December 2, 1949, of Tue American Society or MrE- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-~-42. 


two parts, namely, determination of the total heat absorption in 
the furnace, which is the subject of this paper, and determination 
of the distribution of heat absorption in the furnace, the subject 
of another paper of this symposium. The furnace heat-absorp- 
tion tests were made by the Combustion Research Section of the 
Bureau of Mines, concurrently with the other studies, as part of 
the Bureau of Mines co-operative research program with the com- 
mittee to study the effect of ash and slag on furnace performance. 

Fifteen tests were made to determine the effect on furnace heat 
absorption of variations of load, excess air, adjustment of the 
turbulent burners, and, at low loads, the number and location of 
the burners used. The heat absorption is defined as the heat 
transferred by convection to the furnace walls, not including the 
screen, and the heat transferred by radiation to the furnace walls, 
including the screen. With slight modification, the test proce- 
dure is that of Method b of the ASME Test Code for Stationary 
Steam-Generating Units. The heat absorption in the furnace is 
obtained as the difference between the net heat available in the 
furnace (the low heat value of the fuel fired, corrected for un- 
burned combustible, plus the sensible heat in the air used for 
combustion ) and the sensible heat in the furnace-outlet gases and 
the refuse, and the heat transferred from the furnace casing. 

The sensible heat in the furnace-outlet gas was calculated from 
the temperature and composition determined by techniques ap- 
propriate for furnace testing. Measurements were made at a 
number of positions approximating the furnace outlet within the 
limitations of the available means of access to the furnace. Be- 
cause of the significance of the distribution of the temperature and 
composition of the gases at the furnace outlet, the complete test 
data are tabulated in the paper. 


Meruops or Test AND CALCULATION 


Description of Furnace. Fig. 1 is a sectional side elevation of 
the boiler, showing the general arrangement of the components. 
The furnace is 78 ft high from the top of the hopper to the center 
line of the drum, 31 ft 0!/2 in. wide between side-wall tubes, 24 ft 
3 in. deep, and the volume is 47,100 cu ft. All furnace walls con- 
sist of 3-in-OD tubes on 31/,-in. centers, backed by tile. The 
front portion of the furnace roof is formed by the direct continua- 
tion of the front-wall tubes, and the rear portion of the roof is 
formed by the back-wall tubes bent forward and covered on the 
outside with a tile baffle. The slag screen is formed from the 
back-wall tubes expanded into four rows of tubes with a 9-in. 
center-to-center spacing between rows and a 13-in. center-to- 


4‘*Methods and Instrumentation for Furnace Heat-Absorption 
Studies: Temperature and Composition of Gases at Furnace Outlet,” 
by P. Cohen, R. C. Corey, and J. W. Myers, Trans. ASME, vol. 70, 
November, 1949, pp. 965-978. 


925 


926 


*o 
wo 
Six Lancing doors 
at front of furnace 
Furnace outlet 
Economizer 
@ 
n 
Palic: 
© 
y 3 
- 
- 
( 
ts 
Exhauster i) S i 
() Sil 
Feeder " N 
Phe NX H 
Wae B 
iran A 
pert Horace! Le 


TRANSACTIONS OF THE ASME 


— 


S 


OF aH | 
YQ A AAA 
35 65 


res 


center spacing between lanes. The front row of screen tubes is 8 
ft 11!/2 in. from the front-wall tubes, center-to-center distance. 
The furnace outlet is 18 ft 4 in. high and 30 ft 9/2 in. wide. The 
area of projected radiant-heating surface in the furnace is 8884 sq 
ft, including the developed area of the furnace outlet, 564 sq ft. 

The furnace is fired with eight intervane burners in the front 
wall, arranged in two rows of four each with center lines 4 ft 4 in. 
and 10 ft 4 in. above the top of the hopper, respectively. Fuel is 
supplied by two ball-mill pulverizers equipped with two ex- 
hausters each. The north mill fires the two inner upper burners 
and the two outer lower burners, and the south mill, the other 
four burners. Forced-draft fans, induced-draft fans, and regenera- 
tive air heaters are all in duplicate and arranged at the back of 
the unit. Interconnecting dampers permit operation at low 
loads with but one set of fans and air heater, but, in the tests, 
both sets of auxiliaries were always used to assure the best bal- 
ance in the furnace and beyond. 

Location of Test Points. After consideration of the available 
access doors, it was decided to make all measurements from six 
lancing doors at the front of the furnace, 64 ft above the top of 
the hopper. A large proportion of the furnace outlet could be 
reached by inserting a 14-ft water-cooled high-velocity thermo- 
couple probe through these doors and swinging the probe at 
various angles from the horizontal. Thirty sampling positions 
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were used in the tests, arranged in six columns (A, B, C, D, E, and 
F), corresponding to the location of the lancing doors in the front 
wall, each column having five sampling points, designated +6, 
+3, 0, —3, and —6, which are approximate vertical distances in 
feet from the midplane of the furnace outlet. The actual sam- 
pling points were 6 in. in front of thescreen at the elevations shown. 
The resulting distribution of sampling points is shown in Fig. 2, a 
map of the developed furnace-outlet area, drawn to scale. The 
furnace outlet is also shown by the heavy line in Fig. 1. 

To facilitate manipulation of the long and heavy water-cooled 
thermocouple holder and to provide reproducibility of the location 
of the sampling positions, a special insert was built for the lancing 
doors, which provided means for convenient and accurate manipu- 
lation of the probe and also permitted rather complete sealing of 
the door during sampling, with asbestos-board plates. Fig. 3 
gives the general details of this special insert. i 

Instrumentation and Analyses. The temperature and com- 
position of the gas at the furnace outlet were determined with 
instrumentation and technique previously described.4 The 
following brief review will be helpful: 


(a) The temperature of the gas at the furnace outlet was 
determined with high-velocity thermocouples (platinum, 10 per 
cent rhodium-platinum elements), using two new designs of mul- 
tiple shields shown as types E and G in Fig. 4. Direct compari- 
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son between the shields, and the B&W MHVT (multiple high- 
velocity thermocouple), also shown in Fig. 4, were made in the 
subject furnace. The corrections of the observed temperatures, 
to the B&W MHVT basis were small, 30 F and 40 F for 
types E and G, respectively, at 2000 deg F. Because of the short 
length of the Pt Rh-Pt couple and the high gas-flow rates used in 
the probes, the temperature of the junction between the lead 
wire and couple in the probe exceeded the value at which the two 
were matched, and an additional minor correction was required 
because of the difference in thermoelectrical properties of the 
couple and lead wire. The emf of the thermocouples was re- 
corded with a high-speed electronic potentiometer recorder 
equipped with a 1-hr clock, and representative average values of 
the temperature of the gas at a sampling point could be obtained 
from records of '/s to 1 min duration. 

(b) Gas analyses and temperature measurements were made 
simultaneously by connecting a Bailey oxygen recorder, with a 
1-hr clock, in series with the aspirating system of the high-velocity 
thermocouple. Routine complete analysis of the gases being 
sampled by the Bailey oxygen recorder served both to check the 
calibration of the Bailey oxygen recorder and to correlate the 
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oxygen content of the furnace-outlet gas with that of the other 
gas constituents. As with the temperature measurements, 
significant average values for the oxygen content of the gas at a 
sampling point could be obtained from records of 1/2 to 1 min 
duration. 

(c) Except for analysis of the flue gas entering the air heaters, 
for which the technique just described was employed, all other 
required observations were made with plant instrumentation. 
The temperatures of the flue gas and air entering and leaving the 
air heaters were recorded at the control board by two resistance 
thermometers properly situated in each duct at which measure- 
ments were made. Coal feed rates were ascertained by recording 
at regular intervals the time and the number of the trip at each of 
the four coal scales (two for each mill). Increments of the coal 
were taken at the scales, following ASTM specifications, and were 
stored during the test in 10-gal milk pails. The samples were 
reduced to approximately 35 lb and shipped to Pittsburgh in 
sealed cans for analysis by the Coal Analysis Section of the 
Bureau of Mines. 

The quantity of fly ash in the gas entering the Cottrell pre- 
cipitators was determined by the staff of the Louisville Gas & 
Electric Company, using the methods of the Research Corpora- 
tion and with equipment supplied by the latter company. The 
fly ash was analyzed by the Coal Analysis Section of the Bureau 
of Mines. 

The humidity of the air was determined by sling psychrometer 
at the F.D. fan inlet. 

General Test Procedure. The superheaters and air heaters 
were blown routinely before each test, and, as required, excess 
slag deposits on the furnace screen were removed by hand lancing. 
The necessary burner adjustments were made, the load was ad- 
justed to the desired value, and the fans were balanced as closely 
as possible. A preliminary analysis of the furnace gas was made 
through door ©, and the air flow was then adjusted accordingly to 
give the desired excess air at the furnace outlet. Because of 
occasional nonuniformity of the gas at the furnace outlet, this 
procedure involved some guesswork and did not always yield the 
desired excess air. Coal-scale readings were started as soon as 
the unit was stabilized, and the test continued for a period of 
about 4 hr, the time necessary to make a complete set of all the 
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Bureau of Mines type E high velocity thermocouple shield 
(used for test) 
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Bureau of Mines type G high velocity thermocouple shield 
(used for test) 


SECTION A-A 


B&W multiple high velocity thermocouple shield 
(used for comparision only) 
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measurements required for the committee’s investigation. The 
survey at the furnace outlet usually required less than 3 hr. 

Methods of Calculation. (a) Temperature and Gas-Composition 
Data. Because the sampling points are quite uniformly dis- 
tributed over the furnace-outlet area, simple numerical averages 
were calculated of the observed temperature and oxygen-concen- 
tration data. These averages, with appropriate corrections, were 
then used in all subsequent calculations, as previous considera- 
tions‘ had shown that more rigorous treatment can rarely be 
justified. 

(b) Furnace Heat Balance. The heat absorption in the fur- 
nace is calculated as the difference between the net heat available 
in the furnace and the heat lost from the furnace in the products 
of combustion, and by radiation and convection from the furnace 
casing. The net heat available in the furnace is the sum of the 
low-heat value of the fuel fired (corrected for unburned combus- 
tible) and the sensible heat in the preheated air. Combustible 
losses were calculated from the analysis of the fly ash, the fly ash 
concentration, and the calculated quantities of the gases at 
the entrance to the Cottrell precipitator. The sensible heat in the 
preheated air was calculated from a heat balance on the air 
heaters, employing the known temperatures of the gas and air 
streams entering and leaving the air heaters, the average com- 
position of the gas entering the air heater, and an assumed value 
for the air Jeakage in the preheater equal to 5 per cent by weight 
of the gas entering the heater.’ 

The enthalpy of the furnace-outlet gas was calculated from the 
quantities of the respective gases at the furnace outlet (computed 
from the gas composition and corrected fuel analysis), and the 
heat contents of the individual gases at the average temperature 
of the furnace-outlet gas, obtained from the tables of Heck.® 

For the purpose of these calculations it was assumed that all the 
ash left the furnace at the temperature of the gases; the heat con- 
tent was calculated using a mean specific heat of 0.27 Btu per lb 
deg F. The heat loss from the furnace casing was taken as one 
half that of the entire unit as given by the ABMA Standard 
Radiation Loss Chart. 


ReEsutts or Tests 


Description of Tests. The operating data and the results ob- 
tained in the fifteen tests are summarized in Table 1. The tests 
are divided into three groups; group 1, consisting of eight tests at 
full load, numbers 15, 15A, 16, 17, 18, 19, 21, and 22, was made to 
determine the effect on furnace heat absorption of variations of 
excess air and secondary-air vane settings at the test load. 
Group 2, consisting of three tests at three-quarters load, numbers 
24, 25, and 26, was made to determine the effect of secondary-air 
vane settings at the test load; and group 8, consisting of four tests 
at haJf-load, numbers 27, 28, 29, and 30, was made to determine 
the effect of the number and location of the burners, at the test 
load. The fuel burned in these tests consisted of a quite uniform 
mixture of high-volatile C West Kentucky coals. There was 
little variation in coal composition from test to test, as shown in 
Table 1. 

Temperature and Gas Composition at the Furnace Outlet. Of 
considerable interest, in addition to the calculated furnace heat 
absorption, is the distribution of the temperature and composition 
of the gases at the furnace outlet. These data are given in Tables 
2 and 3, respectively. The temperature data in Table 2 are the 
values observed with the shields used in the particular test; for 
the heat-absorption calculations, the averages of these values 


5 “Heat Transfer and Fluid Resistances in Ljungstrém Regenera- 
tive-Type Air Preheaters,’’ by Hilmer Karlsson and Sven Hoim, 
Trans. ASME, vol. 65, 1943, pp. 61-72. 

* “The New Specific Heats,” by R. C. H. Heck, Mechanical Engi- 
neering, vol. 62, 1940, pp. 9-12. 
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were corrected to the B&W MHVT basis and for lead-junction 
errors as shown in Table 4. The gas compositions in Table 3 are 
expressed as per cent excess air, as possibly affording more familiar 
and representative values than the oxygen percentages actually 
observed. A recent discussion’ showed that these values are 
quite representative of the average conditions for which the tests 


were made, and, when plotted on a map of the furnace outlet, 


yield consistent and significant distribution patterns. This is 
illustrated in Figs. 5 and 6, which are distribution plots of the 
temperature and composition of the gas at the furnace outlet, 
respectively, for test 22. 

These plots demonstrate some of the outstanding characteris- 
tics of the type of firing used in the subject boiler. One of these 
is the considerable spread of temperature of the gases at the fur- 
nace outlet, compared to the spread in gas composition. Thus 
the gas at sampling point D+6, excess air 33.7 per cent, leaves 
the furnace at 1920 F, whereas the gas at sampling point D—6, 
excess air 32.9 per cent, or practically the same as that of the gas 
at D-+6, leaves the furnace at 2320 F. It is evident that the 
coal-air mixtures from which these streams of gases originated 
were quite similar, but had considerably different experiences in 
traversing the furnace volume from the burner to the furnace out- 
let. The gas leaving the furnace at D+6 has lost considerably 
more heat to the walls than the gas leaving the furnace at D—6; 
this is probably due to a longer residence time in the furnace, and 
probably a lower average velocity in the furnace. This is in 
accord with visual observations of the velocity of the gases leaving 
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TABLE 2 OBSERVEDs GAS TEM EER TEES 


Test Now/ 15 154 16 17 18 19 
Door’/ Positionce/ 
£ +6 1740 ~=—«:1710 1820 1730 1780 1760 
+3 1880 1760 1770 1880 1950 1870 
0 2060 1910 176 2020 2210 2010 
-3 2130 1960 1880 2130 2270 , 2040 
-6 2110 1970 2050 2200  23008/ 2160 
B +6 1990 2030 1980 1990 2040 1890 
+3 2010 2070 2070 2030 2090 2000 
0 2030 2150 2160 2100 2150 2100 
fe 2080 2150 2260, 2180 2190 2210 
<é 2160 2230 23602/ 2170 2250 2340 
c +6 1890 1970 1940 1950 1910 1900 
+3 1880 1970 1980 1940 1930 1980 
ry 1940 2060 2050 2000 2020 2050 
~3 2070. , 2170 2180, 2070 2130 2220 
26 219a¢/ 2270 23608/ 2190 2240 23508/ 
D +6 1850 1890 1770 1900 1860 1970 
+3 1900 1950 1830 1940 1930 2060 
0 1960 2070 1930 2010 1980 2150 
3 2090 2160 2050 2080 2060 2310 
6 2230 2230 2250 2210 2150 2830 
E +6 1840 1950 1850 1870 1790 2020 
+3 1880 2030 1940 1930 1850 2070 
0 2010 ©2120 2060 2010 1920 2180 
-3 2080 2220 2150 2110 2060 2270 
=6 2200 +—-2190 2260 2300 2200 2350 
F +6 1740 +1810 1720 1810 1710 1830 
+5 1760 1790 1740 1800 1730 1810 
0 1800 1810 1780 1830 1680 18900 
-3 1840 1990 1880 1900 1750 1900 
-6 1910 2130 2070 2050 1900 2130 
Avorage2/ 1975 2024 1997 2011 1999 2069 
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FURNACE HEAT-ABSORPTION TESTS, 


21 22 24 25 26 27 28 29 30 
1740 1780 1600 1590 1660 1510 1440 1450 1450 
1880 1830 1690 1700 1670 1500 1610 1480 1460 
2060 1850 1930 1850 1710 1640 1710 1580 1550 
2090 1990 1990 1980 1800 1750 1740 1660 1600 
2140 2120 2020 1940 1970 1870 1750 1750 1800 
1950 1940 1850 1860 1800 1710 1570 1650 1630 
1960 2010 1870 1880 1870 1770 1610 1680 1700 
2010 2120 1930 1940 1960 1840 1679 1750 1770 
2070 2240 1990 2030 2010 1900 1750 1810 1840 
2160 2300 2090. 2180 2160 1980 1860 1870 1840 
1890 1880 1800 1760 1710 1650 1550 1590 1580 
1880 1950 1820 1790 1760 1650 1590 1640 1630 
1970 2040 1860 1810 1810 ,. 1720 1660 1710 1680 
2080 2200 1920 1920 1920 1790 1770 1780 1760 
2150 2300 2000 2130 2090 1970 1900 1860 1860 
1830 1920 1730 1770 1690 1620 1610 1570 1620 
1870 1970 1750 1870 1710 1650 1620 1650 1650 
1970 2080 1840 1960 1790 1700 1670 1720 1690 
2040 2230 1910 2050 1830 1780 1800 1800 1780 
2180 2320 2010 2180 1940 1920 1950 1860 1870 
1840 2030 1740 1660 1820 1630 1660 1570 1660 
1900 2100 1810 1700 1910 1690 1720 1630 1700 
2050 2190 1910 1750 2030 1750 1790 1690 1790 
2120 2270 1960 1820 2100 1800 1870 1730 1850 
2190 2290 2040 1870 ‘ 2120 1820 1970 1800 1870 
1740 1900 1630 1700 1740 1580 1520 1420 1590 
1780 1860 1630 1710 1700 1560 1610 1480 1620 
1790 1840 1630 1690 1650 1530 1690 1490 1580 
1830 1840 1680 1810 1750 1540 1730 1460 1610 
1970 1990 1800 1930 1900 1620 1760 1480 1700 
1969 2046 1848 1861 1852 1715 1705 1654 1691 


a/ Uncorrected; for corrections see Table 4. 


b/ For test conditions, see Table l. 


the furnace, being greatest at the bottom of the outlet and lowest 
at the top. The effect of this behavior on the radiation heat 
transfer in the furnace will be considered in a later part of this 
paper. 

Detailed distribution data of the type shown in Figs. 5 and 6 
assist in understanding ash deposition and slagging of the screen 
and superheater. The wide spread in temperatures at the furnace 
outlet demonstrates the readiness with which excessive tempera- 
tures can exist, even though the mean value is less than some 
assumed safe limit. 

The distribution plots for the other tests are not given, but 
may readily be constructed from the data in Tables 2 and 38. 

Furnace Heat Absorption. For readier reference, a condensed 
summary of the test conditions and results is presented in Table 5 
in which each test is given a reference letter. In Fig. 7 the ob- 
served furnace heat-absorption efficiency has been plotted against 
excess air for the various combinations of the other test variables. 
The furnace heat-absorption efficiency is used in Fig. 7 because 
it is less sensitive than furnace heat absorption to the unavoida- 
ble variations in the net heat available in the tests at each par- 
ticular boiler load. Lines have been drawn in Fig. 7 indicating 
the effect of excess air on furnace heat-absorption efficiency, for 
the various settings of the secondary-air vanes at full and three- 
quarters load; and for the various locations and. number of 
burners used, at half-load. At full load there are enough experi- 
mental points to establish these lines, and, except for points B 
and C, tests 15A and 16, respectively, the relationships are quite 
definite. At three-quarters and half-load, the variations of fur- 
nace heat-absorption efficiency with excess air can only be in- 
ferred; these lines (dashed) have been given successively lower 
slopes as the load decreases, in accord with the behavior found in 
another furnace.* 


of For location at furnace outlet, see Figure 2. 
a/ Data not taken; extrapolated value 


TABLE 4 CORRECTIONS OF OBSERVED AVERAGE TEMPERA- 

TURE TO B&W MHVT BASIS. ASME FURNACE HEAT-ABSORP- 

TION TESTS. BOILER NO. 3, PADDY’S RUN STATION, LOUIS- 
VILLE GAS & ELECTRIC COMPANY. OCTOBER 20-30, 1948. 


-—Total correction (to MHVT basis— 
and for lead-junction error), deg F 
Observed average 


temp., deg F Type E shield Type G shield 
1600 25 31 
1700 30 37 
1800 35 43 
1900 41 50 
2000 46 56 
2100 51 62 
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(O, Eight burners, @, four burners; letter designates test, see Table 5; 
number after letter is secondary-air vane opening, per cent.) 
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From Fig. 7 it will be noted that the effect of secondary-air 
vane setting is quite pronounced at full load; a change in the 
setting from 60 to 40 per cent open at 17 per cent excess air in- 
creases the furnace heat-absorption efficiency from 44.1 to 46.8 
per cent. Also, the effect of secondary-air vane setting is con- 
siderably reduced at three-quarters load; a change in the setting 
from 65 to 35 per cent open, at 23 per cent excess air, increases the 
furnace heat-absorption efficiency by only 0.6 per cent. ‘The 
effect at half-load may be presumed to be negligible. Further, 
the effect of secondary-air vane setting at full load appears to be 
quite independent of excess air, the change in furnace heat- 
absorption efficiency due to change in secondary-air vane setting 
from 60 to 40 per cent open being 2.7, 2.7, and 2.7 per cent at 17, 
23, and 29 per cent excess air, respectively. Similarly, the effect 
of change of excess air, at constant secondary-air vane opening, 
appears to be independent of the opening of the secondary-air 
vanes. Figs. 8 and 9 are similar plots of the experimental results 
showing the furnace heat absorption and the average tempera- 
ture of the furnace-outlet gases, respectively. 
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The rather complicated relationships between the variables 
cannot be represented simply, and a number of curves are re- 
quired. Fig. 10 shows-the effect of net heat available in the fur- 
nace on furnace heat absorption for three different values for the 
excess air at the furnace outlet, all at one setting of the secondary- 
air vanes, 40 per cent open. The curve for 23 per cent excess air 
is drawn with a full line, because all the necessary data are availa- 
ble. The effect of excess air is known only at full loads; there- 
fore the curves for 17 and 29 per cent excess air are drawn with 
dashed lines. 

The upper part of Fig. 10 shows the effect of secondary-air 
vane opening. The corrections to the furnace heat absorption 
for secondary-air vane settings other than 40 per cent open are 
plotted as a function of net heat available in the furnace for 
secondary-air vane openings of 50 and 60 per cent. Since the 
effect of secondary-air vane openings is independent of excess air, 
at least at high loads, Fig. 8, only one set of correction curves is 
required. — 

The relationships shown in Fig. 10 apply only to operation 
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with eight burners. The effect of operation with four burners is 
shown on the lower part of the plot by the additional points 
representing the results for various combinations of the burners. 

The qualitative relationship of all the variables is best conveyed 
by the isometric three-variable plot in Fig. 11, which readily 
shows the decrease in furnace heat absorption with increased 
excess air at all loads, the almost linear increase in furnace heat 
absorption with increase in net heat available in the furnace, be- 
tween 47 and 88 kB per hr and ft”, and the decrease of furnace 
heat absorption with increase in the opening of the secondary-air 
vanes, this effect being independent of excess air, but increasing 
rapidly with net heat available in the furnace, between 66 and 88 
kB per hr and ft?. 


CoRRELATION or Test RESULTS 


The correlation of the test conditions and results so far given 
is purely empirical, without reference to the mechanism for heat 
transfer in the furnace. The information presented, though as 
comprehensive as the data on which it is based, nevertheless lacks 
generality because no account has been taken of the fundamental 
processes involved. Because of the complexity of the problem, 
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progress in fundamental analysis has been slow, and confined 
largely to semiempirical correlations based either on the average 
temperature of the gases at the furnace outlet,”® or on a radiant 
mean temperature between the adiabatic temperature and the 
temperature of the gases leaving the furnace.® Of these proce- 
dures the first is more convenient, and is applied to the data of 
this investigation in Fig. 12 in which the furnace heat absorption, 
kB per hr and ft?, has been plotted against the fourth power of the 
average temperature of the gases leaving the furnace, deg R; 
the letter and point symbols correspond to Table 5. For compari- 
son, line Z-Z shows the calculated black-body radiation from a 
source at the average temperature of the furnace-outlet gas, to 
the furnace walls at a constant temperature. In view of the 
cleanliness of the furnace walls, the latter temperature has been 
taken as 1050 R. 

It will be seen that the unit heat transfer, based on the heat- 
receiving surface, is considerably less than that of a black body at 
the temperature of the furnace outlet gas, line Z-Z. Expressed in 
terms of an equivalent gray body at the temperature of the fur- 
nace-outlet gases, the heat transfer corresponds to that from a 
source with an emissivity of about 0.7, for the low-load tests and 
decreasing at high loads. It is further evident that if the cor- 
relation had been based on a radiation mean temperature, accord- 
ing to Blizard,? the apparent emissivity of the source would be 
stil] ower. For one test at high load an approximate value of 
0.28 was calculated for the apparent emissivity of the source on 
this basis. This is in sharp contrast to the high emissivities pre- 
dicted from the work of Sherman” for flames having the dimen- 


7 ‘An Investigation of Powdered Coal as Fuel for Power-Plant 
Boilers,” by Henry Kreisinger, John Blizard, C. E. Augustine, and 
B. J. Cross, U. S. Bureau of Mines, Government Printing Office, 
-Washington, D. C., Bulletin 223, 1923. 

8 ‘Evaluation of Effective Radiant Heating Surface and Applica- 
tion of the Stefan-Boltzmann Law to Heat Absorption in Boiler Fur- 
naces,”’ by H. F. Mullikin, Trans. ASME, vol. 57, 1935, pp. 517-529. 

9 “Absorption of Heat by Walls of a Furnace,” by John Blizard, 
ASME Furnace Performance Factors Pamphlet, May, 1944, pp. 79- 
82. Bound with Trans. ASME, vol. 66, 1944. 

10 “Burning Characteristics of Pulverized Coals and the Radiation 
From Their Flames,”’ by R. A. Sherman, Combustion, vol. 5, December, 
1933, pp. 30-38. 
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sions of the subject furnace. As an example, Sherman predicted 
that even after combustion was essentially complete, the gas and 
suspended ash from Illinois coal would have total emissivities of 
0.83 and 0.97 for 12 and 20-ft thicknesses, respectively. 

The source of this discrepancy is found readily. The high~ 
temperature gases do not fill the entire furnace volume, and not 
only is the exposed area of the radiation source less than that of 
the heat-receiving surface on which the unit heat transfer is cal- 
culated, but the mean beam lengths for radiation probably are 
considerably Jower than would be calculated from the furnace 
dimensions. The ratio of area of flame to area of wall may be 
estimated as follows: As a first approximation, assuming wall 
emissivity of unity and flame emissivity equal to flame absorp- 
tivity, the net radiation heat transfer from flame to furnace 
walls, Btu per hr, may be written as 


Q = cepAp(Tp' sae, Tyw') 


The subscripts / and W denote the flame and furnace wall, 
respectively, and 


radiation constant 


co 

A = area (of envelope for flame; of projected area for wall 
surface) 

T = radiant mean temperature, abs 

€ = emissivity 


This equation may be rewritten as 


- A 
Q = cAwer : 
An 


(T'p* — Ty'*) 


in which the product e7(Ap/Ay) may be considered an apparent 
emissivity of the flame, ep’, calculated from heat transfer per unit 
wall area, Aw. From an assumed value of true mean emissivity 
of the flame, er = 0.9, and a value of 0.28 for ey’ previously cal- 
culated for one of the high-load tests, Ay/Aw may be obtained as 
the ratio of ep’/er = 0.28/0.9 = 0.31. So low an indicated area 
of the flame, and therefore its volume, must include a significant 
effect of decreased true mean flame emissivity arising from smaller 
mean beam lengths, and the true value of A;/Aw is undoubt- 
edly somewhat higher than the value of 0.31 calculated. For 
the purposes of the present argument, no further refinement of 
the calculation is warranted. 

Somewhat similar considerations were applied by Mumford 
and Bice" to the analysis of the effect of tilting the burner in a 
tangentially fired furnace previously studied by the committee. 
They concluded that multiplication of the observed rates of heat 
transfer for different inclination of the burners by the ratios of 
area, of heat-receiving surface to area of flame envelope would 
have brought all the data into line. No estimate was made by 
them of the apparent emissivity of the flame, but the unit heat, 
transfer based on the average temperature of the furnace-outlet 
gas was higher in the tangentially fired furnace than in the sub- 
ject furnace, indicating that the apparent emissivities were 
higher. . 

This discussion has of necessity been only semiquantitative, 
and has undoubtedly exaggerated the true picture; for instance, 
the flame never achieves the adiabatic temperature. Also, only 
the general level of heat transfer has been considered; interpreta- 
tion of the effect of burner adjustments on heat transfer at con- 
stant load is still required. Sofar it can only be concluded that 
the heat transfer in the furnace is considerably less than theoreti- 
cally achievable levels. 


11 ‘An Investigation of the Variation of Heat Absorption in a 
Pulverized-Coal-Fired Water-Cooled Steam Boiler Furnace [V—Com- 
parison and Correlation of the Results of Furnace Heat-Absorption 
Investigations,’”’ by A. R. Mumford and G. W. Bice, Trans. ASME, 
vol. 70. 1948. pp. 601-614. 
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TABLE5 CONDENSED SUMMARY OF OPERATING CONDITIONS AND RESULTS. ASME FURNACE HEAT-ABSORPTION TESTS. 
BOILER NO. 3, PADDY’S RUN STATION 
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As previously noted, the gases at the furnace outlet display a 
characteristic temperature distribution which has been attributed 
to varying velocities of the respective portions of the gas stream in 
traversing the furnace volume. One of the possible means by 
which the setting of the secondary-air vanes may affect heat 
transfer in the furnace is by changing the velocity-distribution 
patterns in the furnace. That this probably does not occur, how- 
ever, is seen from examination of the temperature-distribution 
data. For example, in both tests 18, and 19, 17 per cent excess 
air, and 40 and 60 per cent secondary-air vane openings, respec- 
tively, the average deviation of the temperature of the gases at 
the furnace outlet from their mean is 150 F. Thus if the 
distribution of temperature at the furnace outlet is taken as a 
criterion, the change in burner vane settings does not affect 
appreciably the velocity distribution of the gases in the furnace. 
The effect of secondary-air vane settings must be sought in the 
delayed combustion which occurs at high secondary-air vane 
openings. Under these conditions heat release is delayed, and 
thus radiation is decreased, compared to the turbulent bushy 
flame conditions obtained with lower secondary-air vane openings. 

At the lower burning rates, the temperature and the velocity 
of the gas leaving the furnace are more uniform, as would be 
expected, because the total residence time of the gases in the fur- 
nace is greater. Similarly, because the percentage heat absorp- 
tion is greater at low loads, the effect of burner adjustments on 
heat absorption is less pronounced. 

Another factor, which should be considered as affecting the 
temperature distribution at the furnace outlet, is the tendency 
for ash deposits to be heavier on the rear than on the front wall of 
the unit, due to the flame-path characteristics. Thus the in- 
sulating effect of the ash would produce higher gas temperatures 
along the rear than along the front wall, and any temperature 
gradient at the furnace outlet caused by higher gas velocity 
along the rear wall, which was discussed previously, would be 
increased further. 
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The unique characteristics of each of the different methods of 
firing pulverized coal have long been recognized and need no 
emphasis here. Indeed, they form an essential basis for the 
design of the test program of the Furnace Performance Factors 
Committee. The important fact brought out by the results of 
this investigation is that detailed consideration must be given to 
burner location, flame shape, and volume, and all other factors 
which affect flame radiation, if a rational basis is to be found for 
predicting the heat absorption in boiler furnaces. The problem is 
tremendously complicated, and special attention must be given 
to these details to obtain basic generalizations. 


SUMMARY AND CONCLUSIONS 


The absorption of heat in the furnace of the Paddy’s Run 
boiler was measured to provide basic performance data and to 
determine the relationship between the rate of heat transfer and 
the observed temperature drop across the furnace-wall tubes. 
The furnace heat absorption was determined as the difference 
between the heat input to the furnace, corrected for losses, and the 
sensible heat in the furnace-outlet gas obtained from measure- 
ments of the temperature and composition employing techniques 
appropriate for furnace testing. The effect on furnace heat 
absorption of load, excess air, burner setting, and, at low loads, the 
number and location of the burners, was studied in a series of 
fifteen tests. 

In all tests, the temperature of the gas at the furnace outlet 
varied considerably with position, being highest at the bottom 
and lowest at the top. At full load, the spread in temperature 
exceeded 500 F; at lower loads the’spread was somewhat less. 
In contrast, the composition of the gas at the furnace outlet was 
considerably more uniform than the temperature. There was 
little variation of gas composition in any of the tests from the top 
to the bottom of the outlet, but occasionally nonuniform dis- 
tribution from side to side. In such cases the excess air was 
always highest on the left or south side of the furnace. From 
these observations it is concluded that the variations of the 
temperature of the gas with position at the outlet originated from 
variations in the velocity of the gas streams in thefurnace. Visual 
observations of the gas streams did indicate that the velocity of 
the gas was highest at the bottom of the outlet and decreased to- 
ward the top of the outlet. Because of lack of suitable access, 
no velocity measurements were made to check these observations. 

At full load, the furnace heat-absorption efficiency decreased 
with both increase of excess air, and opening of the secondary-air 
vane settings. The effect of excess air was independent of the 
secondary-air vane setting, and the effect of secondary-air vane 
setting was independent of excess air, over the range of the vari- 
ables studied. Thus the furnace heat-absorption efficiency 
decreased about 2.7 per cent for an increase in secondary-air vane 
opening from 40 to 60 per cent, and decreased about 2.8 per cent 
for an increase in excess air from 17 to 29 per cent. The corre- 
sponding changes in the average temperature of the gases leaving 
the furnace were about 75 and 30 F, respectively. 

At three-quarter load, the furnace heat-absorption efficiency 
decreased about 0.6 per cent for an increase in secondary-air vane 
opening from 35 to 65 per cent. The effect of excess air was not 
determined at this load. 

At half-load, only the effect of the number and location of the 
burners was studied. With eight burners, the secondary-air 
vanes had to be set at 30 per cent open for good operation; with 
four burners, the secondary-air vane settings were 50 per cent 
open. The furnace heat-absorption efficiency was highest when 
the four lower burners were used; was 0.6 per cent lower when the 


935 


four upper burners were used; 1.9 per cent lower when all eight 
burners were used; and about 0.4 per cent lower when the 2 
upper inner and 2 lower outer burners were used. The 
over-all variation in the average temperature of the gases leav- 
ing the furnace for the four combinations of burners was about 
75 F. 

For otherwise constant conditions, furnace heat absorption in- 
creases and furnace heat-absorption efficiency decreases as the 
heat available in the furnace increases. With eight burners, 40 
per cent secondary-air vane opening and 23 per cent excess air, the 
heat absorption increases almost linearly from about 24 kB per hr 
and sq ft, at 47 kB per hr and sq ft heat available, to about 40 kB 
per hr and sq ft at 88 kB per hr and sq ft heat available in the 
furnace. The corresponding furnace heat-absorption efficiencies 
are approximately 52 and 45 per cent, respectively. The corre- 
sponding average temperatures of the gases leaving the furnace 
were 1755 and 2020 F, respectively. 

At low load, the heat transfer in the furnace corresponded to 
that by radiation from a body having the area of the heat-receiv- 
ing surface, the average temperature of the furnace-outlet gas, 
and an emissivity of 0.67. At higher loads, the apparent emis- 
sivity decreased. Analysis of the test results indicates that the 
area of the envelope of hot gases in the furnace must be con- 
siderably less than that of the heat-receiving surfaces. A ratio 
of 0.31, which is probably somewhat low, was calculated for full- 
load conditions, on the assumption that the coal is burned instan- 
taneously. This, however, is evidently not the case. Indeed, 
the effect of burner secondary-air vane settings on furnace heat 
absorption can best be interpreted in terms of the effect on the 
rate of combustion of the coal. 

This investigation has provided detailed knowledge of the 
properties of the gas leaving the furnace, and of furnace perform- 
ance for a wide range of significant operating variables. Al- 
though the heat-transfer process in the furnace has not been 
evaluated quantitatively, a beginning has been made toward 
better understanding of this basic aspect of the problem of fur- 
nace performance. 
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Furnace Heat Absorption in Paddy’s Run 
Pulverized-Coal-Fired Steam Generator, 
Using Turbulent Burners, Louisville, Ky. 


Part II] 


Comparison and Correlation of the Results 


of Furnace Heat-Absorption Investigation 


By H. H. HEMENWAY! anp R. I. WHEATER,? NEW YORK, N. Y. 


In this paper, the results of the two companion papers 
(Parts I? and II‘) are compared. Some of the possible 
sources of error are noted. Slightly revised calculated 
results are obtained by taking weighted averages of the 
data. The revised results are examined to determine 
which tests are the most dependable. An equation show- 
ing the relationship between furnace exit-gas temperature 
and furnace heat-absorption rate for a fixed burner ad- 
justment is developed. From the revised results the ef- 
fect of various factors on furnace performance is shown. 


INTRODUCTION 


HIS is the third of three papers presenting the results of 

investigations of furnace performance in the pulverized- 

coal-fired boiler No. 3 at Paddy’s Run. These investiga- 
tions were conducted under the sponsorship of the ASME Special 
Research Committee on Furnace Performance Factors. The 
first paper, Part I,* of this series presents results and analyses 
of the data obtained by measuring the furnace face temperatures 
of waterwall tubes. The second paper, Part II,‘ of this series 
presents the results and analyses of the data obtained by meas- 
uring the temperature and composition of the gas leaving the 
furnace and entering the slag screen. This paper deals with the 
comparison and correlation of the data presented in the first two 
papers. 

Part I and Part II adequately describe the arrangement and 
dimensions of the furnace tested, the methods of testing, the 
methods of calculation, and the results obtained by each method 
of testing. By means of the two methods of testing, which will 
be referred to herein as the AT-method and the heat-balance 
method, the average heat-absorption rate expressed as MKB/- 
(hr) for each test was determined. In Fig. 1, which is a copy 
of Fig. 21 of Part I, the results obtained by both methods of 


1 Executive Assistant, Foster Wheeler Corporation. Jun. ASME. 

2 Assistant to the Manager, Service Department, Foster Wheeler 
Corporation. Mem. ASME. 

3 “Part I—Variation in Heat Absorption Shown by Measurement 
of Surface Temperature of Exposed Side of Furnace Tubes,”’ by R. I. 
Wheater and M. H. Howard, published in this issue of the Transac- 
tions, pp. 893-923. 

4 “Part II—Furnace Heat-Absorption Efficiency as Shown by the 
Temperatures and Composition of the Gases Leaving the Furnace,” 
by R. C. Corey and Paul Cohen, published in this issue of the Trans- 
actions, pp. 925-935. 

Contributed by the Research Committee on Furnace Performance 
Factors, and the Fuels, Power, and Heat Transfer Divisions and pre- 
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NEERS. 
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testing are compared, and an examination of this figure shows that 
except for a few of the full-load tests, the 45-deg equality line 
falls fairly well within the pattern of test points. 

The heat-absorption rate per unit of furnace radiant projected 
area determined from the heat balance, divided by the average 
temperature difference between the furnace-tube face and satu- 
rated water temperature, AT’, yields the average over-all heat- 
transfer coefficient U,. In Fig. 2 U, is plotted against AT. 
This figure shows that the average over-all heat-transfer co- 
efficient of 1060 Btu/(hr) (F) (sq ft of projected area), which was 
assumed in Part I in the calculation of furnace heat absorption 
by the A7-method, does not differ greatly from the values ob- 
tained from the heat balance. 


Tue AT-Metuop 


Some Sources of Error. The principal sources of error in the 
AT-method which are considered here are as follows: 

(a) Errors in measurement. 

(b) Errors in averaging. 

(c) Errors in the assumptions. 


Errors in measurement include the errors in the instruments 
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which were used in the tests. In addition, they include er- 
rors which may have been introduced in the temperature measure- 
ments of the front face of the wall tubes by the fact that the 
thermocouple shield probably served as a shelf for ash deposit 
and the resulting insulating or shading effect caused the tem- 
perature of the couple to be lower than the temperature of the 
wall of the tube remote from the shield. 

In Part I the average over-all AZ’ was assumed to be the 
arithmetic average of the A7-values for each live furnace-face 
thermocouple. Eight of the 128 thermocouples were dead and 
hence were not included in the averaging. The thermocouples 
could not be installed at uniform intervals, and none was in- 
stalled on the rear wall roof or the slag screen. Thus there are 
reasons to suppose that the use of simple arithmetic averaging 
introduced some error in the results. In addition, since only 
one set of readings was taken during each 30-min period, the 
average value over this period may have differed slightly from the 
single value recorded owing to the small variations caused by 
operation with automatic controls. 

In making the calculations it was assumed that the average 
tube-wall thickness at the thermocouple was 0.288 in., that 
the tube-wall conductivity was 348 (Btu) (in.)/(sq ft) (hr) (F),and 
that the heat-transfer coefficient from the tube to the water and 
steam mixture in the tube had a constant value of 5900 Btu/(hr) 
(F) (sq ft of inner surface of tube). The first. two assumptions 
are probably tolerably accurate, but the third is subject to con- 
siderable error. It was assumed also that the heat transferred 
to the walls of the furnace as a whole was equal to the calculated 
unit rate of heat absorption multiplied by the projected area of 
the furnace walls. Since the walls do not have plane surfaces, 
this assumption, while approximate, is not exact. 

In spite of all the possible errors which may have crept into 
the estimates of the heat absorption calculated by the AT- 
method, nevertheless the average error could not have been great 
because of the close agreement of the results obtained by this 
method and the heat-balance method. 

Measurement of Saturation Temperature. It was originally 
assumed that the average temperature of the mixture of boiling 
water and steam in the tubes of all walls and at all elevations 
might be represented by the saturation temperature corre- 
sponding to the drum pressure. It was noted in analyzing the 


results that the temperature measured by the thermocouples 
peened to the backs of four rear waterwall tubes just above the 
hopper at elevation 463 ft did not check the temperature obtained 
from drum pressure readings. A review of the data indicates that 
the average pressure drop from the drum to the superheater 
outlet based on gage readings is as follows: 


Evaporation (a) Pressure drop (b) X 10,000 
1000 lb of steam per hr (b), psi (a)? 
625 77 1.97 
460 - 25 1.18 
330 29 2.66 


From this table it is obvious that one or both pressure gages 
areinerror. A change of 25 psi represents a change of 3.23 deg F 
in saturation temperature at a pressure of 950 psig. Hence a 
25-psi error in pressure-gage measurement introduces in the 
AT-method an error of about 10 per cent in the calculated rate 
of heat absorption at full Joad, and of about 14 per cent at half 
load. With regard to the back-face thermocouple temperature 
measurements, differences as great as 7 F were measured be- 
tween adjacent tubes in one round of measurements. Thus, 
while the averaging of all readings may have eliminated most of 
of the error, some error probably still exists. After some con- 
sideration it was decided by the authors of Part I to use the ther- 
mocouple measurements to determine saturation temperature. 

The assumption that saturation temperature is constant for 
all elevations is inexact, however, since the pressure and hence 
the saturation temperature is higher at the lower levels and lower 
at the upper levels of the furnace. Since the fluid along the 
length of the furnace tubes consists of saturated water and steam 
in varying proportions, it is necessary to know something about 
the circulation characteristics of the unit in order to determine 
the change in pressure with change in elevation. Circulation 
tests run in September, 1948, indicated that there was no material 
change in the total weight flow rate of water in the furnace tubes 
between half load and full load. From circulation calculations 
it was estimated that for all tests the saturation temperature 
was approximately 0.4 F higher in the hopper tubes at the 
lowest thermocouple elevation, and about 1.7 F lower in 
the roof, tubes at the highest thermocouple location than in the 
tubes at the 463-ft elevation. The over-all correction was cal- 
culated to be plus 0.7 F. 
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Weighted-Average Values of AT, A sketch of the development 
of the furnace walls showing the location of thermocouples is 
found in Fig. 3. The dead thermocouples are underlined. The 
furnace is divided into several areas from A to Q, inclusive. 
The average AT for each area is the average of the AT-averages 
of the rows in the area. The sum of the products of each area 
by the average AT of the area, divided by the total area in which 
the thermocouples were installed, yields a weighted average AT’. 
The weighted average AT-values thus calculated, including the 
+0.7 F correction mentioned, are tabulated in column 10 of 
Table L. 

As previously stated, thermocouples were not installed on the 
inclined rear-wall roof (K), or on the slag screen (I and J). 
After examination of the data it was thought reasonable to 
assume that, (1) the average AZ’ due to radiation only in the 
upper screen (I) was equal to the average AT’ of roof (A); (2) 
the average AT in lower slag screen (J) due to radiation only was 
equal to the average AT of the front wall at elevation 525 ft; 
and (3) the average AT’ of the rear-wall roof (K) was equal to the 
average AT’ for the other three walls at elevation 511 ft. Apply- 
ing these values of AT’ to areas (I), (J), and (K), the weighted 
average AZ’ for each test for all furnace areas was calculated. 
The results, including the +0.7 F correction, are tabulated in col- 
umn 11 of Table 1. 

In column 12 of Table 1 is tabulated the difference between 
the final weighted average AZT’ and the average AZ’ taken from 
Part I for each test. While the differences are within the proba- 
ble error of the tests and might be neglected, the weighted- 
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average values of AZ’ should be more accurate and will be used 
hereafter in this paper. 


Heat-BaLance MretTHop 


Some Sources of Error. Part II describes the methods of test 
and calculation of the heat-balance data. That paper notes that 
measurements of gas flow and direction were not taken and 
that the average gas temperature and gas composition for each 
test were calculated from simple numerical averages of the mea- 
surements with appropriate corrections. A possible small source 
of error lies in the air-heater heat balance, in which it was assumed 
that for all tests the air leakage into the gas was equal to 5 per 
cent by weight of the gas entering the air heater. Probably the 
greatest source of error outside of the possible error in the correc- 
tions to the thermocouple measurements lies in the fact that only 
one traverse of the gases leaving the furnace could be made on 
each test. In this connection it should be noted that at full load 
the spread of temperature of the gas leaving the furnace was over 
500 F. However, the gas composition was quite uniform, the de- 
viation in per cent excess air rarely exceeding 10 per cent. 

Weighted-Average Values of Furnace Exit-Gas Temperature. 
The sampling doors used for gas-temperature and gas-analysis 
measurements are not uniformly spaced across the boiler. For 
this reason simple numerical averages of the measurements 
where the spread is large may lead to error in the results. A 
method of obtaining a weighted-average furnace exit-gas tem- 
perature is shown in Fig. 4 in which isothermal lines of gas 
temperature for test No. 15A are drawn. Note that sampling 
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doors A and F are relatively close to the side walls where the 
gas temperatures are lower on the average than the temperatures 
closer to the center of the furnace. 

The furnace outlet is divided into 3 vertical strips (R), (S), 
and (T). Center strip (S) contains temperature measurements 
taken through sampling doors (B), (C), (D), and (E) which are uni- 
formly spaced. The width of strip (S) equals 4 times the uni- 
form door spacing. Side strips (R) and (T) are equal in width. 
The center-line temperatures of strips (R) and (T) were deter- 
mined by making an isothermal map for each test and by inter- 
polating between the isothermals. 

The sum of the average strip temperatures, each of which was 
multiplied by the ratio of the respective strip area to the total, 
yielded a weighted-average furnace exit-gas temperature. How- 
ever, the calculated weighted-average temperatures vary only 5 
F to 15 F from the temperatures obtained by simple arithme- 
tic averaging in Part II. Values of furnace exit-gas tempera- 
ture obtained by both methods of averaging, as well as the 
differences, are given in Table 2. While there are many other 
methods of averaging, the method just described was used, since 
it corrects for the lower gas temperatures measured near the 
walls but places a minimum of reliance on values which do not 
represent actual measurements. 

Comparison of Furnace Exit-Gas-Temperature Data With Other 
Data. Inspection of furnace exit-gas-temperature data, as com- 
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SUMMARY OF CONDITIONS AND RESULTS BY AT-METHOD 
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pared to other test data, indicates that there may be relatively 
large errors in the values of average gas temperatures of a few 


HEMENWAY, WHEATER—FURNACE HEAT ABSORPTION IN STEAM GENERATOR, LOUISVILLE, KY. 941 


TABLE 2 SUMMARY OF HEAT-BALANCE DATA WITH CORRECTIONS 


Heat 

Absorption 
in Furnace 
from Part 


Furnace 
Heat Ab- 
sorption Exit Ten- 
Efficiency perature 
II from Part from Part 
KB/(hr)(F) II Il 

(aq. ft.) Percent OF 


Average 
Furnace 


45 
oe 

3 
uy 
46 
uu 


oe 


Www WwW WE WwwFr 
Prem AMO NO OwMO 

: Pay . 

ais . . . oe 
NRF OWH FPN FPO PONS 


. 


Man FFE FF 
WEFONM N@OO PW 


O-17% EXCESS AIR O-25% EXCESS AIR O-30% EXCESS AIR 


300 


290 


280 


270 


260 


HEAT ABSORBED IN SUPERHEATER Btu/LB. STEAM 


2025 2050 


2075 
EXIT GAS TEMP. FROM FURNACE— °F. 


2100 2125 


Fic. 5 Comparison or SUPERHEATER Heat Duty anp FuRNACE 
Exit-Gas TEMPERATURE, Dec F, at Futut Loap 
(Number designates test.) 


of the full-load tests. Several means are available to determine 
for which tests the temperature data appear to be the least 
reliable. One method of analysis is to compare gas temperature 
with convection-superheater duty at constant load and constant 
excess air. In Part I the necessary data for determining super- 
heater duty is given except for the heat given up by the con- 
densation of saturated steam in the inlet-superheater header to 
the condenser coils provided to maintain a constant final steam 
temperature. The rate of flow of water through the condenser 
coils was determined from a calibration curve of the conden- 
ser control valve. From the flow rate and the observed water- 
temperature rise, the heat transferred in the inlet-superheater 
header was estimated. Calculated superheater duty for the 
full-load tests is plotted against weighted-average furnace exit- 
gas temperature in Fig. 5. 

Full-load-performance calculations were made of the rate of 
change of superheater duty with change in furnace exit-gas 
temperature at constant excess air, and of superheater duty at 
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constant gas temperature for three rates of excess air, namely, 
17, 25, and 30 percent. From these calculations the slope of and 
spacing between the lines drawn in Fig. 5 were determined. It 
was assumed that the 30 per cent excess-air line passes through 
the point for test No. 21. We may draw the tentative conclusion 
that values of gas temperature appear high for tests Nos. 15A 
and 19, and low for test No. 16. 

Another method of analysis is to make plots of furnace exit- 
gas temperature against per cent excess air at constant secondary- 
air vane position, and also against secondary-air vane position 
at constant excess air. These plots are shown in Figs. 6 and 7 
and corroborate the tentative conclusion drawn from Fig. 5 
except for test No. 19. A check of AZ and heat-balance data 
indicates that at 17 per cent excess air, an increase in the second- 
ary-air vane position from 40 per cent (test No. 18) to 60 per 
cent (test No. 19) results in reduced heat absorption in the 
furnace and in a higher exit-gas temperature. It appears that 
the observed position of the condenser control valve for test No. 
19 may have been an error. 

Relationship of Furnace Exit-Gas Temperature to Furnace Heat- 
Absorption Rate. In predicting furnace performance, designers 
depend upon empirical data to calculate the rate of furnace heat 
absorption and the corresponding furnace exit-gas temperature. 
In Fig. 8 are plotted values of furnace heat-absorption rate per 
square foot of furnace projected area against average absolute 
furnace exit-gas temperature to the 4th power. 

The straight line drawn in Fig. 8 represents the equation 


a~ ol (its) — (io) 


where 
Q = furnace heat-absorption rate, Btu/(hr) (sq ft of pro- 
jected area) 
C = const = 1060 
T, = average furnace exit-gas temperature, deg R 
T,, = average furnace tube-wall temperature, assumed to be 


1040 deg R 


Note that this line passes through those points for which the 
secondary-air vane position was approximately 40 per cent 
(neglecting test No. 15A), that those points representing tests 
having a secondary-air vane position of 50 per cent fall below 
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the line, and those that represent tests having a secondary-air 
vane position of 60 per cent fall off even farther below the line. 
Fig. 8 shows that for eight-burner operation with the burner 
secondary-air vanes set for maximum heat-absorption efficiency 
(40 per cent open), the furnace heat-absorption rate is related 
to furnace exit-gas temperature by the foregoing equation. It 
follows that for the operating conditions given, if the furnace 
heat input and excess air at the furnace outlet are known, the 
heat-absorption rate and exit-gas temperature from the furnace 
may be calculated, For four-burner operation, particularly 
when the lower row of burners is fired (test No. 29) the value of 
C in the equation is greater, and may be as high as 1240. Where 
the vane position is 50 or 60 per cent open, the equation holds 
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tolerably well at three-quarters load but at full load the value of 
C drops off to approximately 980 and 850, respectively. 


CorRELATION OF AZ’ AND HEatT-BaLANcE DaTa 


In Fig. 9 furnace heat-absorption efficiency, calculated by the 
AT and heat-balance methods is plotted against excess air for 
the full-load tests. Note that the points for tests Nos. 15A 
and 16 are not in agreement with the other data, and also that 
the furnace heat-absorption efficiency, calculated by the AT- 
method for test No. 17 appears to be out of line. In Fig. 10 
furnace heat-absorption efficiency, calculated by both methods, 
is plotted against secondary-air vane position for the full-load 
tests. Again, notice that the points for the tests previously 
mentioned are not in agreement. 

It had previously been found that furnace exit-gas-temperature 
measurements for test Nos. 15A and 16 seemed less reliable 
than for the other full-load tests. It now appears that the 
AT-data for these tests are also less reliable and by a greater 
margin. The maximum deviation from the lines drawn in Figs. 
9 and 10 is about 10 per cent for the A7-data (test No. 16) and 
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about 3 per cent for the heat-balance data (test No. 16). These 
values are by no means excessive and indicate that reasonably 
accurate results of furnace performance may be obtained by 
either method of testing. 

From Figs. 9 and 10 it appears: 


1 That the furnace heat-absorption efficiency decreases as 
excess air is increased at constant secondary-air vane position. 

2 That the furnace heat-absorption efficiency decreases as the 
secondary-air vanes are opened at constant excess air. 


Statement (1) confirms past observations of the performance of 
radiant superheaters which give a lower steam temperature as 
the excess air is increased. Statement (2) applies to the adjust- 
ment of the burners used on the Paddy’s Run boiler and shows 
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that by means of burner adjustment, the heat absorption in the 
furnace may be varied. 

In Fig. 11 the values of heat absorption obtained by both 
methods are compared. On the whole, the data appear to be in 
excellent agreement as do the data in Fig. 12 in which U,, the 
over-all average heat-transfer coefficient, is plotted against AT. 
If runs Nos. 15A, 16, and 17 are neglected, Fig. 12 shows that 
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a fair average value of U, for all runs would lie between 1030 
and 1050 Btu/(hr) (F) (sq ft of projected area). 

In Fig. 13 the furnace heat-absorption rate is plotted against 
the net heat available in the furnace above 80 F for the tests in 
which the secondary-air vanes were 40 per cent open. In Fig. 14 
furnace heat-absorption efficiency is plotted against the heat 
available for the same tests. Only one curve is drawn in each 
figure showing the heat absorption at 25 per cent excess air, since 
only single points are available for 17 and 30 per cent excess 
air. It has been shown that at full load, the heat-absorption 
efficiencies decreased on opening the secondary-air vanes. At 
three-quarters load, maximum heat-absorption efficiency was 
obtained at a setting of 35 per cent open. At one-half load only 
one test was run with 8 burners and that with a vane position of 
30 per cent open. 


CoNCLUSIONS 


The following conclusions have been reached in this study. 
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1 With care in testing, furnace performance may be deter- 
mined by either the heat-balance method or by the A7-method 
with a fair degree of accuracy. 

2 The over-all average heat-transfer coefficient U,, through 
the tube wall and inside tube film was 1030 to 1050 Btu/(hr) 
(F) (sq ft projected area). From this, the calculated film co- 
efficient is 5500 Btu/(hr) (F) (sq ft of inside tube-wall surface). 

3 For eight-burner operation with secondary-air vanes 40 
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per cent open, the average furnace heat-absorption rate Q, the 
average furnace exit-gas temperature 7’,, and the average furnace 
tube-face temperature 7',, are related as follows 
To iNe T Ne 
= 1060 | | —— } —|\|— 
Q fee , | 
4 In general, the conclusions of Part I and Part II, with some 


slight modifications to the calculated results found in Tables 1 and 
2 of this paper are valid. 
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Furnace Heat Absorption in Paddy’s Run 
Pulverized-Coal-Fired Steam Generator, 


Using Turbulent Burners—Discussion 


HE following discussion applies to the three papers pub- 
lished in this issue of the Transactions as Parts I,! II,? and 
III,? under the subject title. 

Ouutson Crata.* The tests made on the boiler at Paddy’s Run 
Station determine heat absorption by radiation in the furnace 
walls by measurement of gases leaving the furnace and not by 
measuring the temperatures of the boiler tubes in the furnace, as 
was done on a test at Tidd Station. The method used at Paddy’s 
Run no doubt gives determination of heat absorption by radiation 
in the furnace more accurately. With two exceptions the average 
of measured temperatures leaving the furnace checks reasonably 
close with temperatures calculated from Orrok’s modified formula. 
One of these exceptions is test No. 29 and is accounted for by the 
fact that the lower burners were used at the light load. The 
other exception is test No. 22, and there is no apparent explana- 
tion. ; 

The distribution of temperature as indicated in Fig. 5 explains, 
as pointed out in the paper,? why, in practice, slag troubles are 
encountered even though the average temperature of the gases is 
below the slagging temperature of the ash. Due to the way in 
which the gases approach and flow to and through the furnace 
exit, the temperature of the gases at the lower part of the exit are 
some 300 deg higher than the average gas temperatures. An ex- 
planation is given in the paper to the effect that this is because of 
the difference in velocity of exit at the top and bottom of the exit 
openings. Actually, it would seem that those gases which leave 
at the top of the exit opening may have been in the entire furnace 
for a longer period of time and on the average may have radiated 
heat to furnace water tubes from a shorter distance than was the 
case with most of the gases which entered at the bottom of the 
furnace exit. In addition, there has been a greater distance and a 
greater time interval between the point at which combustion was 
completed in the furnace and the top point of exit of the 
gases than would be the case with the bottom point of furnace 
exit. 

Slag formation at a furnace exit can be materially different with 
the same amount of coal burned with the same excess air in the 
same furnace, depending upon the point at which combustion is 
completed. This is a fact well known in stoker operation and is 
one of the reasons for using overfire jets in stoker operation. 

A knowledge of heat absorption in a furnace envelope is neces- 
sary because, (1) it is necessary to have the gases leave under such 
temperature conditions that slag will not be formed in the gas 
passes of the boiler and in the superheater region; (2) the tem- 
perature of the gases entering the superheater region must be 
known, in order to determine the design of the superheater. The 


1 Part I—‘‘Variation in Heat Absorption as Shown by Measure- 
ment of Surface Temperature of Exposed Side of Furnace Tubes,” by 
R. I. Wheater and M. H. Howard, pp. 893-923. 

2 Part II—‘‘Furnace Heat-Absorption Efficiency as Shown by the 
Temperature and Composition of Gases Leaving the Furnace,” by 
R. C. Corey and Paul Cohen, pp. 925-935. 

3 Part III—‘‘Comparison and Correlation of the Results of Furnace 
Heat-Absorption Investigation,” by H. H. Hemenway and R. I. 
Wheater, pp. 937-944. 

4 Vice-President, Riley Stoker Corporation, Worcester, Mass. Fel- 
low ASME. 


results of the tests at Paddy’s Run are excellent from both of these 
viewpoints. Similar information is desirable with other methods 
of burning fuels and also with other fuels than coal. The results 
which are obtained with other methods of firing and with other 
fuels are surprisingly different. 


F. G. Evy.’ The authors!?:3 have made an excellent presenta- 
tion of test data dealing with a subject which involves many com- 
plexities. It is encouraging to find that their correlations are com- 
paratively good, which may in part be attributed to improved 
techniques of traversing and to the circumstance that ash de- 
posits on the furnace-wall surfaces remained generally consistent 
on comparative tests. 

For critical appraisal of the data, the authors have made use of 
the superheater as a calorimeter, and from its indications find 
justification for considering tests Nos. 15-A and 16 less reliable 
than the other tests. 

This procedure of cross-checking results by study of the per- 
formance of component equipment seems very proper and de- 
sirable and extends the facilities of testing beyond the limitations 
of the A7-method and the heat-balance method. 

In this design of unit, the furnace boundary itself comprises the 
major portion of the steam-generating surface, and it is possible 
to draw a further comparison by calculating the steam-generating 
duty from enthalpy of saturation, feedwater leaving economizer, 
and metered steam output. In Fig. 1, herewith, the test points of 
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Fie. 1 Furnace ABSORPTION AS Per Cent or ToTaL GENERATION 
furnace heat absorption by the heat-balance method are plotted 
as percentages of total generation and are shown to range from 
74 to 86 per cent, depending upon load and operating conditions. 

If it be assumed that the proportioning between furnace and 
convection bank is a function of excess air alone, the results for 
tests Nos. 19 and 21 are cast in doubt, and the influence of burner 
vane position is minimized. If, however, the influence of the 


6 Research Engineer, Research and Development Department, 
Babcock & Wilcox Company, Alliance, Ohio. Mem. ASME. 
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burner vanes is considered primary, some question would exist for 
the relationship of tests Nos. 15, 16, and 17. 

Discrepancies of this order may lie in the inherent errors of tem- 
perature measurement by traverse, or in the variations caused by 
ash deposit on the furnace walls. On the latter point it is recom- 
mended that the S-A factors as developed by Mumford and Bice® 
be applied to observed furnace conditions to note their effect in 
correlation of the test points. 

It is further recommended that for future programs of furnace 
testing, more emphasis be placed on obtaining check or repeated 
tests, to give statistical weight to the averaged results, and to dis- 
close the range of performance that may occur in day-to-day 
operation of the equipment. 


H. F. Muuurxin.? MHVT furnace outlet-gas temperatures as 
obtained by Messrs. Corey and Cohen? appear low to the writer. 
The temperatures of 2060 F at a furnace heat-available rate of 
95,000 Btu /(sq ft)(hr) and 1730 F at a furnace heat-available rate 
of 50,000 Btu/(sq ft)(hr), as given in Fig. 9 of the paper, are 
about 190 deg F and 130 deg F below values that would be ex- 
pected, according to the writer’s experience.’ Is it possible that 
the special design HVT thermocouples read low during the test? 
Platinum thermocouples tend to lose calibration rapidly. Were 
they checked before and after every test? Was difficulty ex- 
perienced with ash plugging toward the end of a run? 

The authors are to be complimented on the completeness of the 
test procedure. 


A, A. OrninG.? The statement by the authors of Part I,! that 
it is impossible to measure flame shape, merits further considera- 
tion. The inference probably intended was that flame shape is 
not a readily measurable quantity, while secondary-air vane open- 
ing and burner-box pressure, factors which determine flame con- 
figuration in the furnace considered, are quantities subject to 
measure and control. It should not be inferred that flame shape 
is incapable of estimation. The objective of the furnace-perform- 
ance tests, to relate furnace heat absorption and its distribution 
in the furnace to furnace geometry and operating variables, 
scarcely can be accomplished without some estimate of flame con- 
figuration as the intermediate between operating conditions and 
heat transfer. 

Since the flame originated at the burners and followed some 
systematic path toward the furnace outlet, the A7-contours at 
any level should have relation to those at other levels. The preva- 
lence of ash deposits on the back wall opposite the burners 
accounts for low heat transfer to that surface, although it proba- 
bly was blanketed by the most intense flame within the furnace. 
The flame became less intense or occupied a smaller cross-sec- 
tional area at higher levels in the furnace. The gas temperatures 
and compositions reported in Part IJ? indicate two flame cores 
entered the furnace outlet. The A7-contours suggest only one 
radiant core except near the front wall just below the furnace out- 
let. 

The rotation imparted at each of the eight burners was of such 
a sense as to.create a pattern of eight eddies across the furnace. 
However, they probably degenerated into two eddies which best 
filled the rectangular cross section, and each contained a maxi- 


6 Part IV—'‘An Investigation of the Variation in Heat Absorption 
in a Pulverized-Coal-Fired Water-Cooled Steam-Boiler Furnace,’’ by 
A. R. Mumford and G. W. Bice, Trans. ASME, vol. 70, 1948, p. 601. 

7 Head, Department of Mechanical Engineering, Montana State 
College, Bozeman, Mont. Mem. ASME. 

8 “Determining Furnace Heat Transfer by Gas Temperature 
Measurement,” by H. F. Mullikin, Power Generation, vol. 52, August, 
1948, pp. 68-71, 116-122, Figs. 5 and 9. 

®Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. Mem. ASME, 
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mum of radiant intensity. Placed near the center of the furnace, 
the two centersof maximum intensity would not be reflected in the 
AT-contours. However, the sloping back forced the flame against 
the front wall so that the two maxima appeared on the front wall 
just below the furnace outlet. Flame sweeping near the front 
wall would account for the third maximum generally appearing in 
Figs. 22-28, inclusive, of Part I.!_ It would be interesting to know 
whether visual observation suggested two flame cores sweeping 
near the front wall at that level. 

The AT data are missing for some points indicated on the 
thermocouple-location identification diagram. Had the corre- 
sponding couples completely failed? Other couples appear to be 
faulty. The AT’s reported for positions 6-14 and 7-10 are gen- 
erally high under all operating conditions. What criteria were 
used to determine that a given couple was faulty? 


L. B. Scuveter.! The three papers!:?3 presenting the test 
data and analytical report on the Paddy’s Run boiler offer 
another set cf complete information of interest and use to the 
boiler-furnace designer and user. The data appear to be well 
taken and have benefited from some improvement in instrumenta- 
tion and technique since the Tidd boiler tests of several years ago. 
Favorable furnace-outlet location and profile, together with im- 
proved instrumentation, indicate that the gas-temperature and 
composition data should be most reliable. 

A study of the furnace tube AT’ isotherms in Part I indicates 
that the rather compact bunching of all burners in one wall is not 
conducive to uniform and effective heat transfer to the furnace 
walls. The front, or burner wall, shows only moderate absorption 
rates probably because the flame is traveling away from the wall, 
and the wall is partially screened by the cold layer of coal and air 
leaving the burners. The side walls show fairly good absorption 
rates, due to greater exposure to active flame, and a beneficial 
sweeping action of the flame without much slag deposition. How- 
ever, these walls have less area than the front and rear so that their 
effect is thereby minimized. The rear wall, which should benefit 
most by virtue of its position opposite the burners, suffers some- 
what from slag deposition by flame impact in the middle zone, al- 
though the hopper slope performs remarkably well. The upper 
portion of the entire furnace appears to suffer from lack of prox- 
imity and direct exposure to active flame. 

All in all, it would appear that burner position, furnace shape, 
or both could well be changed to achieve more effective heat ab- 
sorption throughout much of the furnace. The physical and 
operating convenience of grouping all burners in one wall at the 
main operating level must be weighed against the evident un- 
favorable flame pattern produced in a conventional furnace. 

The uniformity of gas composition at the furnace outlet, as 
brought out in Part II,? is testimony of good coal and air distribu- 
tion and combustion. The indicated effects of changing burner 
vane positions are interesting but not as pronounced as might be 
hoped for. It is possible that the extremely high pulverized-coal 
fineness for all tests acts to minimize the effects of vane position, 
and it would be interesting to determine whether the effects are 
greater with coal of normal fineness, say, 70 per cent through 200 
mesh. Correspondingly, the present tests show virtually no car- 
bon loss whereas vane manipulation with lower fineness and lower 
volatile fuels might encounter high carbon losses as a consequence, 


CiosureE By R. I. WHEATER AND M. H. Howarp 


We agree with Mr. Ely that it would be advisable to verify 
the furnace-performance characteristics by incorporating addi- 
tional check tests in future programs of this nature. Considera- 
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tion should be given to reducing the duration of each test, which 
would permit running more check tests and reduce the volume of 
data to be analyzed. This would also hold operating variables to 
a minimum. 

Dr. Orning is correct in emphasizing that it is not impossible 
to measure flame shape. However, due to the difficulties in- 
volved in accurately measuring flame shape and duplicating it 
under various test conditions, burner settings, which could be 
duplicated and do control flame shape, were used as a reference. 


The relation of the AT contours at various levels is not only. 


affected by the ash accumulations on the rear wall but it is also 
affected by eddies in the flow path and by shielding of the emitting 
body. While some of the AJ contours indicate two radiant cores 
existing in the upper part of the furnace, they were not visible 
through the available doors and no flames existed at this eleva- 
tion. 

On several occasions prior to the tests, the thermocouples were 
checked as the unit was taken off the line to assure that they 
indicated saturation temperature, as the pressure was reduced 
without fire in the furnace. The thermocouple at the location 
omitted from the AZ’ data had either failed or consistently re- 
corded a temperature considerably below saturation temperature. 

Mr. Schueler has presented an excellent analysis of the dis- 
tribution of heat absorption by the walls and its relation to the 
burner locations. The location of the burners and the furnace 
shape both affect the distribution of heat absorption by the walls 
but additional data is required to determine the optimum firing 
arrangement. Available data has however indicated that maxi- 
mum furnace efficiency is obtained when the fires are located as 
near as possible to the bottom of the furnace. 

Comparison of these results with additional heat absorption dis- 
tribution data as it becomes available should enable the de- 
signer to locate the burners and shape the furnace to obtain the 
optimum heat-absorption distribution throughout much of the 
furnace. 


CLOSURE BY R. C. CorEY AND PAUL COHEN 


Mr. Craig’s explanation for the vertical temperature gradient 
at the furnace outlet agrees with that proposed by the authors. 
The gas-residence time of the stream lines leaving the top of the 
furnace outlet is believed to be longer, and therefore the linear 
velocity lower, than those leaving the lower portion of the outlet. 
Also considered as a possible factor was the heavier ash deposits 
on the rear than on the front wall, causing less net heat trans- 
fer from the gases along the rear wall. He calls attention to the 
need for similar investigations of furnaces fired by other methods. 
The Committee recognizes that all types of firmg must be inves- 
tigated if fundamental furnace heat-transfer relations are to be 
discovered. To the present time, however, it has been expedient 
to concentrate upon pulverized-coal-fired units, but during 1950 
it is expected that a series of tests with a spreader-fired unit will 
be completed. 

Mr. Ely makes an interesting comparison between the operat- 
ing variables, excess air and vane opening, and the furnace heat 
absorption as per cent of total steam generation. 

The question raised is whether tests 19 and 21, or tests 15A, 16, 
and 17 are in error, depending upon whether the relative heat- 
absorption efficiency of the furnace is affected by the excess air 
alone, or is influenced primarily by the vane opening. However, 
it will be noted from the three-variable plot, Fig. 11 of Part II, 
that each of the variables influences furnace heat absorption, the 
effect being greatest at full load. If it is assumed as a rough ap- 
proximation that excess air and vane opening have the same rela- 
tive effect in the ranges that were studied, then Mr. Ely’s plot in- 
dicates test No. 15A to be somewhat low and No. 16 to be some- 
what high. But it is not known definitely whether the deviations 
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were due to instrumental errors or to unusual ash patterns on the 
furnace walls for these two tests. 

The authors agree with Mr. Ely that check runs should be made 
as often as possible in these furnace investigations. However, 
because of the number of independent variables that must be con- 
sidered in the limited time available for such tests, it has not been 
possible to make as many duplicate tests as desired. i 

Mr. Mulliken suggests that the furnace-outlet temperatures 
seem low for heat-release rates of 95,000 and 50,000 Btu/(sq ft) 
(hr). Rigorous tests, in which direct comparisons were made in 
the furnace between B&W MHVT and the modified shields, 
showed the latter to be approximately 50 F lower. The test re- 
sults were corrected accordingly and used for the enthalpy calcu- 
lations. In addition, to detect possible contamination of the 
junctions, the test couples were calibrated frequently against a 
standard couple in a special electric furnace, and defective junc- 
tions were renewed. 

Plugging of the shields always is a problem, particularly at full 
load and low excess air. However, the aspirating system was ar- 
ranged so that the pressure drop across the shield was known at 
all times, and when it became too high the shield was replaced. 
Generally, the temperature at a given location in the furnace out- 
let was found to be the same with the new shield as with the one 
that was replaced, suggesting that inaccuracies due to reduction of 
cross section of the shield by ash were negligible. It was inter- 
esting to find that the emf of couples fitted with type E or G 
shields did not change noticeably, at constant mass flow of gas, 
even when as much as 90 per cent of the free area of the shield be- 
came plugged with ash. 

Mr. Schueler’s suggestion that the effect of vane setting might 
be more pronounced with coarser coal is probably correct. That 
is, for a given coal and excess air, the rate of change of flame sur- 
face with respect to vane opening may increase as the coal fine- 
ness decreases. Of course a relation of this kind would apply 
only within the limits of stable ignition. 


CuiosurE By H. H. Hemenway anp R. I. WHEATER 


Mr. Craig observes that the averages of the measured tempera- 
tures leaving the furnace check reasonably with temperatures cal- 
culated from Orrok’s modified formula except for test Nos. 29 and 
22. General equations such as Orrok’s for calculating furnace 
performance deal only with those few factors having the greatest 
influence on furnace heat absorption and are usually fairly accu- 
rate. One factor not normally considered is flame shape on which 
subject Mr. Orning has some very interesting comments. On 
the Paddy’s Run unit, flame shape was varied by changing the 
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position of the burner secondary-air vanes to alter the whirl im- 
parted to the air before it entered the furnace. By opening these 
vanes this whirl was reduced which increased the length and re- 
duced the spread of the flame causing a lowering of furnace heat 
absorption. This reduction of heat absorption on test No. 22, 
run with 60 per cent vane opening, probably caused the results to 
deviate from the results calculated by the Orrok equation. 

Mr. Ely’s plot of furnace absorption as per cent of total genera- 
tion provides an excellent means of cross checking results. If the 
point for test No. 15A (B) is raised and the point for test No. 16 
(C) lowered as suggested in Part III, the resulting plot will show 
rather well the effects of excess air and per cent vane opening on 
furnace heat absorption. 

The authors may have been remiss in omitting the use of the 
S-A factors developed by Mumford & Bice® and recommended by 
Mr. Ely but the ash deposits on the furnace-wall surfaces were so 
minor in nature and varied so little between tests that early ex- 


amination of the data indicated little change in the correlation 
of the test points. 

Mr. Schueler expresses the opinion that the furnace-wall sur- 
faces might be more effectively used by making changes in burner 
grouping, furnace shape, or both. The relatively poor results ob- 
tained on tests with the secondary air vanes open greater than 40 
per cent may have led to this observation. At Paddy’s Run the 
vane settings were varied to study the effect of this particular fac- 
tor on furnace performance. Normally the air vanes are set at 
the position giving optimum performance. In this case the set- 
ting is 40 per cent open. As a matter of interest a comparison 
was made of the results of the tests on the Tidd tangentially fired 
furnace when the burners are horizontal, and the Paddy’s Run fur- 
nace with burner air vanes 40 per cent open, both at approxi- 
mately 25 per cent excess air. This comparison is shown in Fig. 
2. Note the closeness of the results obtained by the two differ- 
ent methods of firing. 


The Evaluation of Steam-Power-Plant Losses 
by Means of the Entropy-Balance Diagram 


By ALLEN KELLER,! LYNN, MASS. 


This paper deals with a method of isolating and evalu- 
ating the various cycle losses of a condensing steam power 
plant. Each loss in the steam cycle causes an increase of 
entropy. By considering each of these entropy increases 
on a “‘per hour” basis instead of a “‘per pound” basis, the 
heat rejection to the condenser caused by each individual 
loss can be evaluated quickly. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


= mass flow, lb per hr 

= enthalpy flow, 1000 Btu per hr 
= pressure, psia 

= sensible-heat flow, Btu per hr 
sensible heat, Btu 

= specific entropy, Btu/deg F/Ib 
= entropy flow, Btu/deg F/hr 

= entropy, Btu/deg F 

= ordinary temperature, deg F 
= absolute temperature, deg F 

= specific volume,-cu ft per Ib 


oye Aaa es mS 
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INTRODUCTION 


The concept of a flow of entropy can, at times, be used ad- 
vantageously to evaluate the different losses in a condensing 
steam power plant and to get quick answers as to the over-all 
- effect of design changes. An entropy-balance diagram can do 
this, because entropy is a measure of the unavailability of energy 
from the standpoint of a complete power plant consisting of 
boiler, turbine, condenser, feedwater heaters, pumps, and so 
forth. 


DEFINITION OF AN EnTROPY-BALANCE DIAGRAM 


When sensible heat is added to a quantity of matter, the change 
of entropy is given by the equation 


Conventional steam tables assume that the entropy of satu- 
rated water at 32 F is zero. For water at temperatures above 
32 F and for steam, the entropy is greater than zero because the 
sensible-heat content is greater than that for saturated water 
at 32 F. For steam, water, or ice at any condition, the entropy 
may be obtained by making a proper integration of Equation 
[1] from saturated water at 32 F to steam, water, or ice at the 
condition specified. 

Equation [1] makes no mention of the quantity of matter to 
which heat is added because, as a differential equation, it may be 


1 Assistant Division Engineer, Turbine Engineering Division, 
General Electric Company. Mem. ASME. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of 
Tur American Society oF MrecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-65. 


integrated to determine the entropy of any quantity of matter. 
Conventional steam tables give the result of this integration 
for 1 lb (mass) of water. Thus the steam table lists values of 
“specific entropy”’ or entropy per pound of fluid. 

If entropy per pound of fluid be multiplied by the fluid-mass 
flow, in pounds per hour, the product is the entropy flow per 
hour. An entropy-balance diagram is, then, a chart similar to 
a heat-balance diagram on which is represented the rate of flow 
of entropy throughout the entire steam cycle of a power plant. 
There is, however, one important difference between a heat- 
balance diagram and an entropy-balance diagram. On the 
heat-balance diagram, the boiler, turbine, feedwater pumps, and 
condenser are the only places where heat (or more properly 
enthalpy) is added to or subtracted from the thermodynamic 
medium itself. At all other points in the cycle, enthalpy is 
only transferred, as from steam to water in a feedwater heater. 
On the other hand, on an entropy-balance diagram the total 
entropy of the thermodynamic fluid is increased whenever a 
cycle loss takes place. For example, consider an extraction 
steam pipe leading from the turbine to a feedwater heater. The 
pressure drop in this pipe will cause an increase in the entropy 
of the steam flowing in the pipe, and the hourly entropy increase 
taking place within the pipe will be a direct measure of the cycle 
output loss caused by the pipe fluid friction. 


CONSTRUCTION OF AN ENTROPY-BALANCE DIAGRAM 


Fig. 1 is a conventional heat-balance diagram for a typical 
steam-turbine power plant having an 11,500-kw AIEKE-ASME 
preferred standard turbine-generator set operating at rated load. 
On this diagram, the heat-radiation loss is assumed to be zero, 
and the power required to drive the hot-well pump and boiler 
feed pump is neglected. (If desired, feedwater-pumping power 
can be taken into account without affecting the validity of the 
entropy balance as a means of evaluating losses.) 

The derivation of Fig. 1 is not described in this paper. 

Fig. 2 is the entropy-balance diagram corresponding to Fig. 1. 
It is based upon the flows given on the heat-balance diagram. 
At each point on the diagram, the mass flow is multiplied by the 
specific entropy to get the entropy flow. Whenever the total 
entropy leaving a given piece of apparatus is greater than the 
total entropy entering the same apparatus, the difference between 
the two entropy flows is the entropy increase caused by the cycle 
loss taking place in the apparatus. For example, consider the 
steam-extraction pipe from the turbine to the No. 2 feedwater 
heater. The entropy flow at the pipe discharge is 9319.1 Btu/ 
deg F/hr. This value was calculated by multiplying 5338 lb per 
hr flow by 1.7458 Btu/deg F/lb specific entropy.2 At the pipe 
inlet the entropy flow is 5388 Ib per hr X 1.7344 Btu/deg F/Ib 
or 9258.2 Btu/deg F/hr. Therefore the 10 per cent pressure 
drop in this pipe causes an entropy increase of 60.9 Btu/deg 
F/hr. 

Fig. 2 shows that 143,479.2 Btu/deg F/hr is the entropy 


2 All properties of steam used in this paper were read from “‘Ther- 
modynamic Properties of Steam,” by J. H. Keenan and F, G. Keyes, 
John Wiley and Sons, New York, N. Y., 1936 edition. 
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rejection? to the condenser circulating water. This value 
represents the sum of all entropy increases (AS) in Fig. 2. The 
largest single entropy increase is the 124,489.38 Btu/deg F/hr 
added by the boiler. This quantity represents the theoretical 
cycle losses for the particular flow, boiler-inlet feedwater condi- 
tion, and superheated steam-outlet condition shown in Fig. 1. 


3In this paper, all values have been computed on an electrical 
computing machine merely to reduce the round-out errors and insure 
essentially perfect totals for all summations. For ordinary work 
such refinements usually will not be necessary. 


EVALUATION OF LOSSES 


Substantially all condensing power plants operate with wet 
steam exhausts. For such plants, the turbine-exhaust-steam 
temperature is a function of the exhaust pressure only. Thus 
when Equation [1] is applied to the heat-transfer phenomenon 
in the condenser, the temperature T is a constant. 

Figs. 1 and 2 are based upon 1'/; in. Hg abs exhaust pressure. 
At this pressure the saturation temperature of steam is 91.72 
F or 551.41 F abs (T = t + 459.69). 
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KELLER—EVALUATION STEAM-POWER-PLANT LOSSES BY MEANS OF ENTROPY-BALANCE DIAGRAM 


With constant temperature, Equation [1] may be written 
in the form 


Ag = 


Thus the condenser heat rejection corresponding to the 143,479.2 
Btu/deg F/hr condenser entropy rejection in Fig. 2 must be 


= 551.41 X 1438,479.2 = 79,115,866 Btu per hr 


This value agrees with the condenser heat rejection calculated by 
heat-balance methods as shown in Fig, 1. 

To illustrate the method of evaluating individual losses, con- 
sider again the steam-extraction pipe to the No. 2 heater. A 
previous calculation has shown the entropy increase in this pipe 
to be 60.9 Btu/deg F/hr. This entropy increase must be re- 
jected at the condenser at 551.41 F abs temperature. The cor- 
responding heat rejection at the condenser is 


= 551.41 X 60.9 = 33,581 Btu per hr 


This is the heat equivalent of 9.85 kw. Thus the 10 per cent 
pressure drop from the turbine shell to the No. 2 feedwater heater 
is causing a power output loss of 9.85 kw or 0.0825 per cent of 
the 11,940-kw turbine shaft output. 


TABULATION OF ALL LossEs FoR Fias. 1 AND 2 Power PLANT 


Table 1 isolates and evaluates each loss in the Fig. 1 heat- 
balance diagram, and Fig. 2 entropy-balance diagram. This 
table is an illustration of the type of over-all picture of power- 
plant losses which may be prepared relatively quickly by means 
of the entropy-balance diagram. 

Table 1 shows the losses associated with feedwater heating 
while many readers are accustomed to think of gains from feed- 
water heating. This difference is only a matter of viewpoint. 
Feedwater heating results in an efficiency gain relative to the 
Rankine cycle without feedwater heating. On the other hand, 
an actual feedwater-heating installation always results in a loss 
relative to the perfect regenerative feedwater-heating cycle. 
This latter is the viewpoint in this paper. 

The derivation of Table 1 needs some explanation. 

For each individual loss, column B of Table 2 lists the entropy 
increase as shown in Fig. 2. The total of all entropy increases 
is the entropy rejection to the condenser, which agrees with the 
value shown in Fig. 2. 

The two asterisked entries require special explanation. The 
turbine-shaft power output of 11,940 kw has a heat equivalent 
of 40,748,235 Btu per hr. At 551.41 F abs temperature, this 
amount of heat flow would have an entropy flow equivalent 
of 73,898.83 Btu/deg F/hr. This number has been included in 
Table 1 as the first asterisked quantity. 

The 217,377.5 Btu/deg F/hr entropy increase shown as the 
boiler output in Table 1 was calculated as follows: Fig. 1 shows 
a boiler output of 119,864,000 Btu per br. At 551.41 F 
abs temperature, this amount of heat flow is equivalent to 
217,377.5 Btu/deg F/hr. This quantity represents the entropy 
equivalent at condenser temperature of the boiler heat output. 

Column C shows the power output loss corresponding to each 
entropy increase. These were calculated by the formula 


Hourly 

entropy 

increase temperature at 
Btu/deg F/hr condenser, deg F abs 


Kw loss = . [2] 


3412.75 
Column D shows the percentage ratio of each individual loss to 
the turbine output and column E shows the percentage ratio of 
each loss to the boiler output. 
The values in column C may be used to ‘‘capitalize” each of 
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TABLE 1 EVALUATION OF INDIVIDUAL LOSSES OF FIG. 1 


HEAT BALANCE 
(A) (B) (C) (D) (E) 
Entropy 
increase fs —Power loss—— 
Per cent 
of Per cent 
turbine of 
Btu/deg power boiler 
Item F/hr Kw output output 
Drainivsooler.icontavwesneret 48.3 7.8 0.065 0.022 
Drain-cooler trap............ 2.6 0.4 0.003 0.001 
INO! heater tis. henner ce 702.5 11325 0.951 0.323 
Me. e3 heater steam-extraction 
fener tea civ ition, een et 73.1 11.8 0.099 0.034 
No. > heater ty; fxd spaitid ieee 405.0 65.4 0.548 0.186 
No. 2 heater steam-extraction 
10) | LA AAA he SAE a 60.9 9.8 0.082 0.028 
No.3 heaters cre ocdhdies sets 275.2 44.5 0.373 0.127 
at e heater steam-extraction 
ARIS = bee. oie oteete 51.9 8.4 0.070 0.024 
Nat 8 yes UPAD | ccreationtwents 32.7 « 5.3 0.044 0.015 
No. 4 heater................ 474.4 76.7 0.642 0.218 
one heater steam-extraction 
SSE Oar GIED Gecko Sat, 6 80.7 13.0 0.109 0.037 
No. vi che tee STAD ce itinioe tiers 26.9 4.4 37 0.012 
Theoretical cycle losses...... 124489.3 20114.2 168.461 57.270 
Turbine losses.............- 16755.7 2707.3 22.674 7.708 
LOGAN OSS6S); £/an-soocere eterna 143479.2 23182.5 194.158 66.005 
Turbine power output....... *73898 .3 11940.0 100.000 33.995 
Boiler output’. ago ahisn) erode ve *217377.5 35122.5 294,158 100.000 


* See text for an explanation of asterisked entries. 


TABLE 2 INCREASE OF SPECIFIC ENTROPY CAUSED BY 10 
PER CENT THROTTLING PRESSURE DROP 
Specific Specific 
entropy of entropy of Change of 
steam steam peeTibs 
in eine at heater entropy 
Extraction trance, Btu/deg F/lb 
point Hae F/Ib Btu/dce F/|b 
No. 4 heater...... 1.6998 1.7112 +0.0114 
No. 3 heater...... 1.7187 1.7300 +0.0113 
No. 2 heater...... 1.7344 1.7458 +0.0112 
No. 1 heater...... 1.7567 1.7677 +0.0110 
Equation [3a].... +0.0114 


the individual losses. Again, using the No. 2 heater steam- 
extraction pipe as an example, if 1 kw of extra power output 
at constant input is worth, say, $100, then a capital expenditure 
of $980 would be justified to eliminate completely the pressure 
drop in this pipe, or a capital expenditure of about $500 to de- 
crease the pressure drop from 10 to 5 per cent. 


FEEDWATER-HEATING-CYCcLE LossEs 


Fig. 3 shows the cumulative loss in the feedwater-heating 
cycle as a function of the feedwater temperature. This shows 
that a perfect feedwater-heating system would improve the over- 
all plant efficiency (at constant boiler efficiency) by about 6 
per cent. 

It is difficult, if not impossible, to extract superheated steam 
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for feedwater-heating purposes without taking a loss relative 
to the extraction of wet steam. This results from the fact that 
the feedwater temperature leaving a heater usually is determined 
by the pressure of the extracted steam without regard to its 
superheat. Even when a feedwater heater is designed to use 
the superheat in extracted steam to decrease the heater terminal- 
“temperature difference, the temperature of the feedwater leaving 
the heater is many degrees below the temperature of the ex- 
tracted steam. 

Fig. 3 indicates the portion of the loss in the feedwater-heating 
cycle that is caused by superheat in the extracted steam. This 
loss was evaluated by calculating the extra “entropy of super- 
heat’? that would have been extracted if the heat of superheat 
were available at saturation temperature. Fig. 3 shows that 
the loss from this source amounts to about 0.2 per cent at the 
338 F feedwater temperature leaving the No 4 heater. 

To get an over-all idea of the feedwater-heating loss, the Fig. 
3 curves cover the entire feedwater-temperature range from hot 
well to boiler saturation. To calculate the point at the 489 F 
boiler saturation temperature, a fictitious fifth stage of feed- 
water heating was assumed which delivers saturated water to the 
boiler at 614.7 psia pressure, heated by steam extracted from 
the turbine throttle. For this imaginary condition, the boiler 
heat output was kept unchanged from the actual 119,864,127 
Btu per hr value by assuming a boiler mass flow of 126,685 lb 
per hr which is converted by the boiler from saturated water 
at 614.7 psia pressure to superheated steam at 614.7 psia pressure 
825 F temperature. Of this 126,685 lb per hr boiler flow, 
18,846 lb per hr is then extracted from the turbine throttle to 
the imaginary heater, leaving 107,839 Ib per hr to flow to the 
turbine first stage, the same as before. With this imaginary 
feedwater heater in the picture, the entire feedwater-heating 
system from hot well to boiler saturation temperature extracts 
4244.5 Btu/deg F/hr less entropy from the turbine than it adds 
to the feedwater. This 4244.5 Btu/deg F/hr value represents 
the saving which could be made if a perfect feedwater-heating 
system were available which delivered saturated water to the 
boiler. 


ReEuHEAT EFFECTS 


The entropy-balance diagram is strictly correct for showing 
where cycle losses actually take place; however, it gives slightly 
conservative values when used to evaluate the gains which would 
be made if losses were eliminated or reduced. 

Again, as an example, consider the No. 2 heater extraction pipe. 
Suppose that the pressure drop in this pipe were reduced and 
at the same time the extraction point in the turbine moved down- 
stage slightly so as to maintain the same heater pressure. The 
state line enthalpy of the extracted steam would then be reduced 
slightly so that more extraction steam flow would be required to 
get the necessary heat for the feedwater heater, This increased 
extraction flow necessarily would cause less mass flow through the 
turbine low-pressure stages and hence less entropy flow to the 
condenser. ; 

In evaluating the increased output that would result if the No. 
2 heater extraction-pipe pressure drop were eliminated, it has 
been assumed that the decrease of entropy flow to the turbine 
exhaust would exactly equal the entropy increase in the extrac- 
tion pipe. This is true except for one thing, namely, turbine 
stages are not 100 per cent efficient, and any reduction in the 
flow through a stage will also reduce the stage loss, Thus the 
entropy flow to condenser will always be decreased slightly 
more than any increase in the amount of entropy extracted. 

At the turbine flange extracting to the No. 2 heater, the specific 
entropy is 1.7344 Btu/deg F/lb. At the turbine exhaust it is 
1.8171 Btu/deg F/lb. Thus the ‘reheat factor’ that must be 
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applied to entropy extraction at the No. 2 heater opening is 
approximately 1.8171/1.7344 or 1.048. The word “approxi- 
mately” is used in the foregoing expression because an entropy of 
liquid must be subtracted from both numbers, which will make 
the true reheat factor more complicated than the simple quotient 
shown. 

If a turbine were 100 per cent efficient relative to the Rankine 
cycle and had an isentropic expansion line, all reheat factors 
would be 1.00. Since all large turbines have Rankine-cycle 
efficiencies between 80 and 90 per cent, the reheat factors can 
never get appreciably above 1.00. About 1.10 to 1.15 is the 
highest reheat factor that will be encountered in any normal 
installation; thus considering it as unity will cause no great 
error in perspective for a given study. 


SIMPLIFIED CALCULATION MmEtrHops 


It can be shown that for a throttling process 
pv 
ds = —0.1850 T GOR e Dhaene ets [3] 


Since the value of pv/T generally changes very little along a tur- 
bine-expansion line, it may be considered as approximately a 
constant. 

Using 0.585 as an approximate value of pv/7', Equation [3] 
becomes : 


As = +0.108 loge ee ee [3a] 
P2 


in which 71/2 is the pressure ratio of a throttling process, and pi 
is the higher pressure. 

Table 2 shows the actual increase of specific entropy associated 
with the 10 per cent pressure drop in each of the four extraction 
pipes of Figs. 1 and 2, together with the values calculated by 

Jquation [8a]. Table 2 shows that Equation [3a] is quite 
accurate as a means of estimating entropy increases caused by 
throttling. 

Simple procedures also can be worked up for estimating quickly 
the entropy increases associated with heater terminal-temperature 
differences, and the like, without reference to a steam table. 


CONCLUSIONS 


The entropy-balance method is a fundamentally sound and 
easily applied method of isolating and evaluating the different 
losses in the steam cycle of a condensing power plant. Although 
a sizable amount of calculation work is required to make a com- 
plete analysis of a given installation, any one question may be 
answered quite quickly after a heat balance is available. Pre- 
liminary estimates of many losses also may be made prior to a 
heat-balance calculation by making judicious assumptions as 
to the mass flows involved. 

The entropy-balance diagram is not a substitute for other 
methods of analysis. It is another way of looking at a problem 
which should be used when it is helpful and not used when other 
methods seem more straightforward to apply. 


Discussion 


R. E. Hansen.‘ The evaluation of cycle losses by calcula- 
tion of entropy generation is convenient, particularly when losses 
under study are too small to show up in a heat-balance computa- 
tion. 

The author states on the second page of the paper that the en- 
tropy rejection (a better word than “loss”) of the theoretical 


4 Iingineer, Elliott Company, Jeannette, Pa. Mem. ASME, 
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cycle is equal to the entropy received in the boiler. He does not 
define his theoretical cycle, but if the intention is to use as a refer- 
ence the cycle defined by Selvey and Knowlton,® the theoretical 
heat rejection would be increased by an amount given in the 
writer’s paper® of 1945. 

It is not clear to the writer why, in Table 1, a fictitious entropy 
quantity representing turbine output is added to total entropy re- 
jection in the cycle. This total does not appear to provide any 
additional information. Thermal efficiency of the turbine cycle 
may be found by dividing kw output by boiler output in kw, i.e., 
11940/35122, or 34.0 per cent. Plant efficiency would be 
found by deducting auxiliary power before making this division, 
then multiplying the quotient by boiler efficiency. 

The question of radiation loss is side-stepped by the assump- 
tion of zero. However, radiation can be handled quite readily in 
this type of computation. It may be of value to consider two 
types of entropy change, one by transfer, the other by generation. 
Entropy is increased by transfer in the boiler, and decreased by 
the same means wherever radiation or conduction losses occur. 
Entropy generation, as by pressure drop or internal heat transfer 
with a temperature difference, always results in an increase. 
Heat rate of the cycle becomes 


3412.75 AH, 
Re GPAs a 


where AHz is the heat received in the boiler, (27'AS), is the 
summation of all entropy losses through radiation or conduction, 
multiplied by the temperature at which the loss occurs, and 
(T AS), is the entropy rejection in condenser multiplied by con- 
densing temperature. Where radiation and pressure drop occur 
simultaneously, the entropy rejection due to radiation must be 
computed separately from the entropy generation due to pressure 
drop, in order to evaluate (27 AS),; the net change affects (7 AS). 

The author’s evaluation of the effect of an individual loss is 
substantially correct in so far as capacity value is concerned, 
unless capacity limitation lies in the generator. There is an addi- 
tional value, however, due to fuel savings. For example, with a 
load factor such that 6000 kwhr can be generated annually from 
each kw of capacity, and where energy cost due to fuel averages 
1 mill per kwhr the fuel saving amounts to $60 annually. As- 
suming 12 per cent fixed charges, capitalized value of the saving 
becomes $500 per kw, or $4900 in the example cited by the author. 
This value is obtained regardless of capacity limitation, as fuel 
input may be reduced at the burner. Both values must of 
course be corrected to a plant value, by considering the effect 
of boiler efficiency and auxiliary loss, which increases the value 
of the savings. 


5 “Theoretical Regenerative-Steam-Cycle Heat Rates,’’ by A. M. 
Selvey and P. H. Knowlton, Trans. ASME, vol. 66, 1944, pp. 489- 
512. 

6 “‘Trreversibility in the Theoretical Regenerative Steam Cycle,” 
by R. E. Hansen, Trans. ASME, vol. 67, 1945, pp. 557-560. 


Whenever entropy is discussed, the question arises as to what, 
it is and why it is useful. Most forms of energy represent the 
product of a potential, such as force or voltage, by a quantity, 
such as distance or current. In the case of heat, temperature is 
the potential, but there is no readily perceived quantity by which 
to multiply it. This difficulty is solved by inferring the exist- 
ence of entropy, and computing its value mathematically. There 
is no need to know any more than this about its nature, and no 
probability that we ever will. 


AUTHOR’S CLOSURE 


The comments of R. HE. Hansen are all quite pertinent. 

The theoretical cycle the author used as a reference on page 950 
is the completely reversible regenerative cycle in which the feed- 
water is heated by extracting heat from the turbine at the same 
temperature as the feedwater. This could be accomplished, 
theoretically, by flowing the feedwater, in a counterflow direc- 
tion, through a water jacket around the turbine shell and heating 
the feedwater by transferring heat at constant temperature 
through the turbine shell. The losses relative to the foregoing cy- 
cle caused by extracting superheated steam, as discussed on page 
951 of the author’s paper, are the same as those discussed in the 
R. E. Hansen paper,® except that they are evaluated for an actual 
cycle with a finite number of feedwater heaters and a less than 
100 per cent efficient turbine. 

In Table 1 the fictitious entropy quantity representing turbine 
output was inserted for checking purposes only. The text on 
page 950 explains how the 217,377.5-Btu/F/hr entropy increase 
assigned to the boiler was calculated. By calculating a similar 
entropy flow value which, at condenser temperature, would be 
equivalent to the turbine power output, a check was established 
that turbine-power output plus turbine, condenser, and feed- 
water-heating-system losses equaled the boiler output, as ex- 
pressed in entropy units. 

Radiation as well as many other considerations were side- 
stepped to keep the paper short. For example, the entropy 
balance concept can be used to evaluate boiler feed-pump losses, 
which was also sidestepped by stating that boiler feed-pump 
power had been neglected. The purpose of the paper is to pre- 
sent a concept for isolating and evaluating different kinds of 
losses to which each engineer can fill in the necessary detail to 
adapt the concept to his own needs. 

Much has already been written on the subject of steam-power- 
plant efficiencies and heat balances. Mr. J. K. Salisbury has 
given much thought to this subject, and his 1949 ASME paper? 
presents another approach to the problem of evaluating power- 
plant losses. The entropy balance concept is just another tool 
which a power-plant designer may use in his work. 


7 “Power-Plant Cycle Evaluation,” by J. K. Salisbury, 
ASME, vol. 71, 1949, pp. 593-604. 
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_ The Gas-to-Gas Heat Exchanger as Applied 
to an Oxygen Plant 


Plate and Interrupted Strip-Fin Design 


By CLYDE SIMPELAAR! anp DAVID ARONSON? 


The construction and performance of high-efficiency 
(95 per cent) counterflow heat exchangers is reported. 
These exchangers are of the finned-plate type employing 
interrupted strip fins. Comparison is made between test- 
core results and performance of large-size units installed 
in a tonnage gaseous-oxygen plant. Heat-transfer re- 
sults were in good agreement but measured pressure drops 
on the large-size units were considerably higher than pre- 
dicted from test-core results, possibly due to losses at end 
connections. Successful development of the true counter- 
flow gas-to-gas exchanger adds flexibility to the design of 
low-pressure gas cycles as in oxygen plants, permitting the 
substitution of heat exchangers for regenerators. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a/s = ratio of total heat-transfer surface to minimum cross- 
sectional area per unit of length 
A = total] heat-transfer and/or friction area, sqft (A = A; + 
A,,). This definition of area differs from Norris and 
Spofford (1)? A, which is the sum of half the direct 
surface plus the full indirect surface) 

A, = minimum cross-sectional area for flow, sq ft 

A, = surface area of fins, sq ft 

A,, = surface area of direct surface, sq ft 

b = width of strip fin (distance from Jeading edge to trailing 
edge in direction of air flow), ft 
cy, = gas unit heat capacity, Btu/(Ib) (deg F) 
D, = equivalent passage diameter, D, = 4ryq = 4A,/(A/L), ft 
f = Fanning friction factor (see dimensionless groupings) 

G = core air-mass velocity, (Ib) /(hr) (ft? of A,) 

32.2 (ft) (Ib-matter) 

(sec) (sec) (Ib-force) 

(for time in hours, g = 4.17 X 108) 

h = surface heat-transfer coefficient referred to fin average 
surface temperature, not to temperature at base of fin, 
Btu/(hr)(ft?)(deg F). Note that for conditions of 
test, distinction between surface temperature and 
base of fin is unimportant 


conversion factor, g = 


1 Chief Research Engineer, Modine Manufacturing Company, 
Racine, Wis. Mem. ASME. 

2 Process Engineer, Elliott Company, Jeannette, Pa. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer and Gas Turbine Power Divi- 
sions and presented at the Annual Meeting, New York, N. Y., No- 
vember 27—-December 2, 1949, of Tue Amprican Society or Mr- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-153. 


j = heat-transfer factor (see dimensionless groupings) 
k = thermal conductivity of gas, Btu/(br) (ft?) (deg F/ft) 
k, = thermal conductivity of fin material, Btu/(hr) (ft?) (deg 


F/ft) 
L = length of flow passage, ft 
m = (2h/k6s)§, 1/ft 
P = gas pressure, psia 
AP = pressure drop, lb/in.? or lb/ft? 
t = temperature, deg F 
T = temperature, deg R 
6t = temperature change of gas from inlet to outlet, deg F 
At, = temperature difference between gas and metal surface, 
deg F 
U = over-all heat-transfer coefficient, gas, to gas, based on 
total area, A 
W = mass-flow rate, Ib per sec or lb per hr 
x; = effective fin length, ft 
A = prefixes denoting difference 
6 = thickness of fin, ft 
n = fin efficiency, dimensionless 
n = (tanh x,m)/x;m, approximate? 
= viscosity, lb/(hr ft) 
p = gas density, lb per cu ft 
y = fin perimeter, ft, y = 2(b + 6) 


Dimensionless Groupings 


St 
12te 


(h/Gc,), Stanton’s number, a heat-transfer modulus 

(¢p @/k), Prandtl’s number, a fluid-property modulus 
evaluated for arithmetic-mean bulk fluid temperature 

j = (St) (Pr)’/* = generalized heat-transfer grouping (this 

factor, 7 versus Re, defines heat-transfer character- 

istic of surface) 


Re = (D,G/u), Reynolds number, a flow-property modulus 
characterizing “turbulence” 
Ry = (¥@/) modified Reynolds number based on fin perime- 
ter 
AP 2 
_— Ga TW = Fanning friction factor (the f—Replot de- 


fines friction characteristic of surface) 

NTU = 6t/At = number of core “‘heat-transfer units,’’ a dimen- 
sionless expression of “heat-transfer size” of core; 
NTU = (n)(Ah/We,) = (m)(h/Ge,) (A/ A.) 


Subscripts 


c refers to cooler fluid, i.e., one being heated 
h refers to warmer fluid, i.e., one being cooled 


4 Within the accuracy of the data it is considered justifiable to apply 
the fin efficiency to the entire surface. The indirect surface consti- 
tutes 85 per cent of the total surface so the uncertainty of the relative 
effectiveness of direct and indirect surface can have only a small 
effect on over-all performance. 
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INTRODUCTION 

This new type of heat-exchanger surface for gas-to-gas service 
is a development of the company of one of the authors. The 
application to commercial-size heat exchangers was carried 
through in co-operation with the company of the second author,? 
for use in its oxygen pilot plant. The importance of proper heat- 
exchange design in the satisfactory functioning of the oxygen 
plant is indicated in a separate report (2) on the performance of 
this pilot plant. 

A broad review of oxygen technology, including a considera- 
tion of heat-exchanger requirements, was featured in an AIChE 
symposium in December, 1946, and was later reported (3). The 
newer designs of oxygen plants involve heat transfer to gases at 
comparatively low density and require exchangers of very high 
efficiency. For such service as well as other applications involv- 
ing gases at low density some form of extended surface is indi- 
cated from the standpoint of economy in cost, size, and weight. 
Tests of several types of extended surface are reported by Norris 
and Spofford (1), by London and Ferguson (4, 5) and by 
Trumpler and Dodge (3). These were all built in comparatively 
small size. 

The present paper describes commercial-size units built around 
a fin pattern corresponding to sample No. 10 of the Norris and 
Spofford paper (1) and core J of the London and Ferguson 
paper (4). The core structure which is illustrative of the flat 
plate and strip construction is shown in Figs. 1, 2, and 3. Fin 
elements are built up from thin channel sections of copper which 
interlock into one another to give rigidity to the structure prior 
to soldering. The fins are formed by slitting the web of the 
channel at intervals corresponding to the fin width b, and then 
offsetting each alternate strip. This gives an arrangement of 
fins staggered by two’s. 

Somewhat different methods of construction were employed in 
the cores tested by the other authors. Norris and Spofford had 
each fin element consisting of a separate strip of copper. London 
and Ferguson’s cores were made by folding a strip of aluminum 
back and forth to form a serpentine pattern of fin elements re- 
sembling the filler elements of corrugated fiberboard. These 
variants of fin construction result in only second-order effects in 
performance. 

A radically different arrangement is described by Trumpler 
and Dodge. The cores, which were developed by Prof. S. C. 
Collins, consisted of a multiple-annulus tube in which each 
annulus was packed with closely coiled copper ribbon, 
soldered to the tube walls, so that a rather complex fin pat- 
tern resulted. 

The methods which can be employed for assembling small core 
elements into large-size commercial units vary with the type 
of core and the intended service. For use in low-temperature 
plants (oxygen, liquid air, etc.), the following requirements 
were set for the commercial heat exchangers employing the fin 
pattern shown in Fig. 1: 


1 An arrangement having a very close approach to true 
counterflow. 

2 A single metallically bonded unit of reasonably large size 
to reduce the number of units per plant, thus eliminating excessive 
manifolding. ; 

3 A unit capable of withstanding relatively high pressures. 


After the initial units for the pilot plant under consideration 
were built, these parameters of design were increased by the addi- 
tion of the following elements: 

4 A structure of sufficient strength to resist operating pres- 
sures without the use of external tie rods, braces, etc. 
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5 A design to permit close stacking of individual units to 
minimize exposed surfaces. 

6 A structure susceptible of being bonded into a complete 
unit, including end connections, in one operation. 

7 A unit of relatively standardized design giving uniform 
performance. 

8 A design eliminating all possibility of pass-to-pass leakage. 

The improved design is shown in Figs. 4 and 5. 


DESCRIPTION OF EQUIPMENT 


Core Structure—Fin Pattern. Both test cores and full-scale 
exchangers were built with fin elements arranged as shown in 
Fig. 1. Channels are nested twelve to the inch, with alternate 
strips offset 1/2 in. so that a symmetrical pattern is obtained. 

This fin pattern was tested with three modifications as given 
in Table 1. 


TABLE 1 FIN PATTERNS TESTED 
Nominal fin length, 


Core Fin width, i.e., passage height, . 

no. b, in. 22, in. Section tested 
1 1/g 1/2 3 X38” X18” COre 
2 3/39 V/s, 1—1/2” X 3” and full scale 
3 3/30 V/s Full scale 


Tesi Cores and Test Equipment. Heat-transfer and pressure- 
drop results were obtained on test cores 1 and 2. Test core 1 was 
tested water to air. Description of this core is as follows: 


Air side: 

5 passages '/2in. high and 3 in. wide X 3 in. long 

Total heat-transfer surface, A = 4.37 sq ft 

Net open cross section, Ac = 0.0492 sq ft 

Ratio: surface /cross section, 4/A- = 89 
Water side: Cross-flow to air 

6 passages 0.08 in. high X 3 in. wide X 3 in. long 

Total heat-transfer surface 0.657 sq ft 

This core was made up with the 3 in. X 3 in. fin slabs soldered 
into individual units. These slabs were then separated with U- 
shaped brass strips soldered in place along the front edges so 
that the water passage was, in effect, a flat tube 3 in. X 
0.080 in. There was thus one water tube between each 1/.-in. 
alr passage. 
_ Test core 2 of the following description was tested steam to air: 
Air side: 

1 passage '/2in. high X 6 in. wide X 3 in. long 

Total heat-transfer surface, A = 1.70 sq ft 

Net open cross section, A; = 0.0191 sq ft 

Ratio: Surface /cross section, A/Ac = 89 
Steam side: 

2 passages same as air side, except 3 in. wide X 6 in. long 


For heat-transfer tests, core lengths in the direction of air ow 
were kept smal! in order to maintain sufficiently high tempera- 
ture differences between steam and discharge air; for example, an 
18-in. length would have resulted in about 0.1 deg F tempera- 
ture difference, too low for accurate interpretation. 

The arrangement of the test stand is shown in Fig. 6. Air 
flow was measured by a special orifice chamber which had been 
calibrated by volumetric displacement. Inlet and discharge- 
air temperatures were measured with unshielded copper-con- 
stantan thermocouples inserted in the middle of wooden ducts, 
the walls of which were close to the air temperature. An excess 
of steam was passed through the core in order to insure uniformly 
high rates of heat transfer by condensation with absence of sub- 
cooling. 

No mixing baffles or straightening vanes were used in the inlet 
or discharge connections, since the large number of fins in series 
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Fic. 6 EaQuieMent ror Testing SMALL Corr SECTIONS 


(1) Induction motor, 7.5 hp, 3470 rpm 

(2) Blower, centrifugal 1296 cfm 20 in. sp 

(3) Air-flow regulator 

(4) Air-flow by-pass 

(5) Orifice box 

(6) Orifice box thermometer 

(7) Orifice box draft gage 

(8) Orifice plugs 

(9) Transition from round to rectangular duct 
(10) Transition 6 X 3 in. to 6 X }/2in. duct 
(11) Transition 6 X 1/2in. to 6 X 3 in. duct 
(12) Transition 6 X 3 in. to 3 X 3 in. duct 
(13) Hair-felt insulation 


effected adequate mixing. Flow was fully turbulent in all tests. 
Reynolds number in the ducts ranged from 4000 to 40,000. A 
thermocouple, attached to the separating wall of test core no. 
2, was used to measure wall temperatures. These values ranged 
from 0.5 to 1.3 deg F lower than condensing-steam temperatures. 
The wall temperature in the test of core 1 was calculated on the 
basis of waterside coefficient being given by 


hD/k = 0.023 (DG/n)°8(c,u/k)'/2 


Large Units and Test Equipment. For convenience in manu- 
facturing and subsequent handling, the finned length of the large 
units was made 7!/2 ft. Two types of exchangers were built, 
each suited to its special application in the oxygen pilot plant. 
The low-pressure type has equal areas for flow of the two streams 
since they are both at approximately atmospheric pressure, and 
the flow quantities are about equal. The high-pressure type has 
twice as much flow area for the gas at atmospheric pressure as for 
the one at 6 atm. This pattern results in economy of exchanger 
volume. 

The heat exchangers were built in sections of seven passages, 
and then the required number of sections were bonded together 
to make up the final unit. Each section consists of an outer brass 
plate, a layer of copper fins, a brass separating plate, another 
layer of fins, another separating plate, and so on, for seven layers 
of fins, with a final outer plate. The entire assembly was soldered 
together in a special oven. 

For the low-pressure exchangers, the inner passages consist of 
of '/:-in. fins, and the two outer passages of 1/,-in. fins, as illus- 
trated in Fig. 7(a). This results in a material balance across 


(14) Piezometer rings ‘ 

(15) Downstream thermocouple grid 

(16) Upstream thermocouple grid 

(17) Selector switch ~~: d 

(18) Leeds & Northrop portable precision potentiom- 
eter No. 8662 

(19) Draft gages 

(20) Moisture trap 

(21) Test core 

(22) Mercury manometer 

(23) Condenser 

) Insulated duct 
(25) Wall-temperature thermocouple 
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Fia. 7 ARRANGEMENT OF HEat-ExcHANGER PassaGEs 


each separating plate so that heat need be transferred only from 
the middle of any one passage to the separating plate. Were an 
even number of passages of equal height used, then, in the outer 
passages, the heat flow would have to take place across the full 
passage height which would mean a lower fin effectiveness, the 
length of the fin then being taken as /2 in. for calculating fin effec- 
tiveness instead of !/4in. 

For the high-pressure exchangers having a smaller flow area 
for the high-pressure stream, there are in each slab section three 
passages for the high-pressure stream, each passage being !/, in. 
high; and for the low-pressure stream, two 4/:-in. plus two !/4- 
in. passages as shown in Fig. 7(b). 

In the later improved design, the size of the individual slab 
sections is larger and each slab is provided with standard sweat- 
solder-type end connections so that each slab becomes a com- 
plete heat exchanger. Any number of these individual exchang- 
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TABLE 4 TEST-CORE RESULTS 


Avge. 

Air Air Air Water 

Flow Press- Press- Press- Air Air Air or 
. =e Rate, ure Re ure Temp, Temp. Temp. Steam 
hun ow In, ut, Drop In Out Change Temp. 
No. LB/HR (R)(F) PSEA PSIA pst Of OF &T orb Air hWater _4 ce RM ORY 

Core 1 
1 868 17,650 4.72 14.59 413 94.2 150.7 56.5 198.5 55.5 2,000 00104 6040 4,430 8,100 » 
2 = ORF 13,130 14.68 14.60 .081 100.7 160 59.3 198.7 47.5 2,000 001196044 3,250 55,950 
we WS 8,770 4.64 14.60 .041 102.6 168.9 66.3 198.0 37.9 2,000 20143 «6050 2,160 3, 940 
4 216 4,390 Uu4.60 14.59 .014 102.1 180.1 78.0 199.5 2hel 2,000 20180 .070 1,080 1,970 
Core 2 

1 57% 29,900 15.2 14.75 .47 109.3 161.0 51.7 216.4 62.3 20062 «6046 «6,620 9,350 
2 * $25 26,820 15,1 4.7 .37 113.6 166.2 52.6 216.5 59.9 20072 «= .044 «5,910 8,340 
3 466 24,250 15.0 14.7 .32 116.0 169.2 53.2 216.6 56.9 +0076 046 5,330 7,520 
4 386 20.100 u.9 1.65 .24 122.1 172.1 60.0 216.5 524 20085 §=.050 4.420 6,240 
5 346 18,030 14683 14-62 420 1.4 174.2 62.8 216.7 49.8 20089-4052. 3,970 55, 610 
6 285 14,850 14.75 4.61 .141 109.9 177.1 67.2 216.8 44.1 20096 §=6.053. 3,260 4,600 
F< 8hd 12,750 4.7 4.58 .109 108.8 181.1 72.3 217.5 41.5 20105 «= 6056) 2,800 3,950 
8 202 10,520 14.65 14.58 .087 107.4 184.1 76.7 217.3 37.1 001, §=.065 2,315 3,270 
9 ws 7,720 14.62 14.6 .050 106.6 19.1 83.5 217.5 31.3 20131 .071 1,690 2,380 
1o 97.5 5,080 14.6 14.58 .0321 107.2 195.7 88.5 218.7 22.6 00144 «+6099 «11,120 1,580 
h 5404 2,840 u4.6 14.56 .013 109.0 201.9 92.9 215.6 16.1 0184 3.131 621 880 


* f. values were obtained from pressure drops measured during heating runs, 


Density was calculated 


at arithmetic average of inlet and outlet temperature. 


** Based on average film temperature. 


ers can be connected in parallel simply by connecting them to 
suitable manifolds. Such an assembly is shown in Fig. 5. 

A list of the physical characteristics of the low-pressure ex- 
changers which are called the “‘clean-up” exchangers is given in 
Table 2. The term clean-up is used because in operation, 
water, carbon dioxide, and hydrocarbons from the air are de- 
posited on the metal surfaces as a rime and then removed or 
“cleaned up” with a stream of warmer nitrogen every 4 hr. 


TABLE 2 PHYSICAL CHARACTERISTICS OF LOW-PRESSURE 


EXCHANGERS 


Nitrogen passages (for a single exchanger): 
18 passages 1/2 in. high X 12in. wide X 90 in. long 


Total heat-transfer surface, A = 1858 sq ft 
Net open cross section, Ac = 0.70 sq ft 
Ratio: surface/cross section, A/Ae = 2655 
: > a/s = 354 per ft of length 
Fin perimeter y = 0.0166 ft 
De = 4rH = 0.0117 ft 


Air passages (for a single exchanger): 
12 passages 1/2in. high X 12in. wide X 90 in. long 
Plus 12 passages of 1/4 in. high X 12in. wide X 90 in. long; for purpose 
of heat-transfer and pressure-drop calculations, set is considered as 18 
passages, !/2 in. high, i.e., identical with nitrogen passages 


There are four units of this type, identified as C-1, C-2, D-1, 
and D-2. Two of these units, C-1 and C-2, in one set and D-1 
and D-2 in the other set, are operated in series. 

There are two scts of high-pressure heat exchangers termed 
A and B. The B exchanger consists of two 7.5-ft units, each 
having the dimensions given in Table 3. 


TABLE 3 PHYSICAL CHARACTERISTICS OF HIGH-PRESSURE 
EXCHANGERS 


Low-pressure side: . 

The same as the air passages of the clean-up exchangers 
High-pressure side: 

18 passages 1/4in. high X 12in. wide X 90 in. long 


Total heat-transfer surface, A = 1.019sq ft 
Net open cross section, Ac = 0.388 sq ft 
Ratio: surface/cross section, A/Ae = 3020 
a/s = 403 per ft of length 


The A exchanger consists of a single 7.5 ft unit identical in every 
respect to the B units, except that the A unit has only one third 
the number of passages as the individual B units and therefore 
one third the surface area and net open area. The value of the 
ratio A/A, is the same in both A and B exchangers. 

Temperatures were measured with copper-constantan thermo- 
couples which had been calibrated in an ice bath against mer- 
cury-in-glass thermometers and by immersion in boiling oxygen 
of 99.5 per cent purity. The thermocouples were soldered to the 
ends of thin-wall stainless-steel tubes which were inserted into the 
inlet and outlet ducts. 


The thermocouple leads were carried without intermediate 
junctions to a Brown electronic indicating potentiometer, having 
a response time of about 4.sec. Thereforé a complete record of 
temperature conditions in an exchanger could be taken in less 
than 1 min. 


Test RESULTS 


Core Tests. Core-test results are given in Table 4. Values of 
f and j obtained with the first sample having 1/s-in-wide strip 
fins were slightly higher than reported by Norris and Spofford 
(1), as shown in Fig. 8. Tests of the second sample with °/32-in- 
wide fins gave, over most of the range, lower values of j and higher 
values of f than predicted by the tests of Norris and Spofford 
(1). The results with 3/3-in. fins were confirmed by the tests 
of Kays and London (6) made on core sample 93/, in. X 83/sin. X 
3.844 in. air-flow length, as shown in Fig. 9. The values of fric- 
tion factor obtained by Kays and London at the low flows (hence 
low pressure drops) are believed to be more reliable and are the 
values used in the construction of Fig. 8. 

The plotted values of the Norris and Spofford tests are shown 
lower than given in their paper. They used a surface area of the 
full fin surface plus one half the direct surface. In the present 
paper and in the work of London and Ferguson (4), the area is 
considered the full fin surface plus the full direct surface. Hither 
method of representation is, of course, purely arbitrary. 

The effective diameter to be employed for calculating Reyn- 
olds number is different in the two plots. Norris and Spofford 
proposed the fin perimeter, y = 2 (b + 4) as a suitable correlat- 
ing term. London and Ferguson pointed out that this is inade- 
quate to cover all types of surface, and suggested that representa- 
tion be made on the basis of the mean hydraulic diameter, D, = 
4A,/(A/L). There is probably no simple method of repre- 
sentation which will show the effect on performance of fin size, 
shape, passage spacing, etc. 

Failure to realize improvement in j-values for the fins of re- 
duced perimeter (as predicted by the Norris and Spofford cor- 
relation) is apparently due to the corresponding reduction in 
distance between in-line surfaces. 

The values of friction factor f, obtained with all test cores, 
were higher than predicted by Norris and Spofford, as shown in 
Fig. 8. This may be attributed to difference in thickness of fins 
and condition of leading edges. Fin dies were of a preliminary 
nature and did not produce fin edges completely free of burr. 

Performance of Assembled Heat Exchangers. The assembled 
heat exchangers were tested as part of the operation of the oxygen 
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Fig. 8 CoMpaRISON OF PERFORMANCE OF DIFFERENT STRIP Fins 
(Tests of Simpelaar and Aronson and of Norris and Spofford.) 
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pilot plant. Comparison of performance between assembled 
units and test cores is presented in Figs. 10 and 11. The rea- 
sonably good agreement of heat-transfer performance indicates 
that inefficiencies introduced when building up from test core 
to large-scale assembly are of small magnitude. The appar- 
ently poorer results indicated on the low-pressure clean-up ex- 
changers may be attributed partly to errors in thermocouple 
readings and partly to a real decrease in efficiency due to non- 
uniform flow distribution. These exchangers have different- 
type end connections than the high-pressure exchangers, so that 
there may be a difference in the pattern of flows down the pas- 
sages. An unbalance in flow of 2 per cent from one side of an 
exchanger passage to the other side results in an increase in end- 
temperature difference of 5.2 per cent, which represents just that 
much poorer performance. This lack of good flow balance is 
likely to be the only reason for poorer heat-transfer results in 
large-scale units. 

Heat balances of the exchangers were made as part of the 
check of the over-all plant performance. In view of the 
extremely small end-temperature differences, such heat bal- 
ances can only check the order of magnitude of the calculated 


performance. 


Friction Factors ror Hear EXcHANGERS 


Table 6 is a sample sheet showing the step-wise method of cal- 
culating the performance of exchanger B. A discussion of 
the factors involved is given in the Appendix. The variation of 
temperature with length of the heat exchanger is shown graphi- 
cally in Fig. 12. 

The over-all pressure drops measured on the assembled heat ex- 
changers are greater than those predicted from results on test 
cores as may be seen from Fig. 11, showing friction factor plotted 
against Reynolds number. This higher pressure drop is attribu- 
ted to losses in the end connections, the magnitude of which 
can only be estimated from the observed over-all performance. 
The end connections which provide for distribution of the flow 
from the relatively narrow inlet nozzle to the full width of the 
exchanger slab are built up of a number of hollow rectangular 
tubes placed in the form of agrid. These tubes support the sepa- 
rating plates, at the same time permitting flow to take place in 
two directions. The arrangement of these spacer tubes is shown 
in Fig. 13. For the clean-up exchangers, the “Jow-pressure-pass”’ 
arrangement is used on both air and nitrogen passes. For 
the high-pressure exchangers A and B, the arrangements are as 
indicated, respectively, for the two sets of passes. 

Table 7 gives typical pressure-drop results for the pilot-plant 
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TABLE 5 CLEAN-UP EXCHANGERS—RECYCLE RUNS 


Temperature Temperature 
h In Out Difference 
Ae fee Section oF oy Observed Cale, Discrepancy 
D=1 
(be 2/19/48 Warm 50 40.5 9.5 
Full Flow Middle -140 -150.5 10.5 
3,550 1b/br Temp, Change 19. 191. 
ti Average 10.0 8.9 -12% 
Middle -l40 -150.5 10.5 
Cold =287.3 =301.5 ne 
Temp.Change 147.3 151. 
Average 252 8.5 -L5% 
(G1 — 
(C-2 2/21/48 Warn 45 34.8 10.2 
Full Flow Middle -139.2 --148.5 9.3 
3,550 1b/hr Temp.Chanze 184.2 183.3 
Average 9.8 8.6 -14% 
Middle -139.2 -148.5 9.3 
Cold 290.8  -303.0 12,2 
Temp.Change 151.6 154.5 
Average 10.7 8.7 23% 
(D-1 
(D-2 2/20/48 Werm 46.5 37.8 8.7 
Full Flow Middle - -153.8 9.3 
3,550 1b/hr Temp. Change 191.0 191.6 
of air Average 9.0 8.9 -1% 
Middle 144.5 -153.8 9.3 
Cold ~288.0  -303.5 1555) 
Temp. Change 143.5 119.7 
Average 12.4 8.5 -16% 
(C-1 
(C-2 2/20/49 Warn 43.5 33.0 10.5 
Full Flow Middle 139.9 -149.0 sail 
3,550 1b/hr Temp.Change 183.4 182.0 
Average 9.8 8.5 -15% 
Middle -139.9 =-149.0 9-1 
Cold 289.9 -303.8 ak 
Temp.Change 150.0 154.8 
Average de5 8.7 -32% 
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runs. The friction factors have been calculated using the fol- 
lowing relationships 


G? x 4L 
po EE 
29D, 
where Ap is in lb per sq ft. 
For 90-inch core length 
AL /D, = 2655 
Then 
Ae Terao.) (AP)p _ (31.4) (10*) (AP )p 
i G? (2655) G? 
The gas densities and viscosities were calculated at the arith- 
metic average of the inlet and discharge temperature. e 
CONCLUSIONS 


Thermal efficiency of large-size heat exchangers agreed rea- 
sonably well with values predicted from test-core results. The 
heat-transfer performance for this particular strip fin can be repre- 
sented by 


2/s 

h [ eye 

=—(7) = 0.245 (D,G/u)--4 
& (ae) ( e /“) 


Large-size heat exchangers had larger pressure losses than pre- 
dicted from test-core results. Improved design of end connec- 
tions and distributing sections would reduce pressure losses. 
This would make it possible to increase the velocity through the 
core for the same pressure loss and thus increase the heat-transfer 
capacity of a given core. Over the range of Reynolds number 
from 2000 to 10,000, the friction factor for the test cores can be 
represented by 


f = 0.393 (D,G/u)-%-% 


In the actual full-size cores the apparent f was almost double this 
value. 

True counterflow heat exchangers, having an efficiency of 95 
per cent in a 7.5-ft length, have proved satisfactory in the opera~ 
tion of a tonnage gaseous oxygen plant. The use of an inter- 
rupted strip fin having a high surface area per unit volume (300 
sq ft total transfer area per cu ft of volume) makes possible close 
end-temperature differences with a compact heat exchanger. 
The design is suitable for gas-to-gas applications for pressures up 
to about 150 psig and temperatures from about 250 deg F 
(limited by strength of solder) down to as low as required. 


TABLE 6 CALCULATION OF EXCHANGER B PERFORMANCE 


Adjust— 
ment for 
Unbalanced 
Flow 
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TABLE 7 PRESSURE DROP; PILOT-PLANT EXCHANGERS 


Mass Avge.* 
Flow Flow Rate Temp. 
Run Exchanger lb/hr 1b/(hr) (ft)? oF 
1/22/48 D1 2,080 2,970 54 
2:30 A.M. D2 2,080 2,970 231 
1/22/28 O-1 2,080 2,970 57 
6:30 A.M. C-2 2,080 2,970 232 
1/22/48 C2 1,730 2,470 -70 
9:30 P.M, 0-2 1,730 2,470 -248 
1/22/48 B-l 3,420 4,880 ae) 
2:30 A.M. B-2 3,420 4,880 -168 
2/7/18 D1 3,460 4,760 -40 
3:30 A.M. D2 3,460 4,760 -211 
2/7/48 C-1 3,460 4,760 -56 
6:30 A.M, 0-2 3,460 4,760 -234 
2/7/28 D1 3,460 4,760 -60 
10:30 A.M. D-2 3,460 4,760 -232 
2/7/48 Bl 3,880 5,540 -15 
3:30 A.M. BQ 3,880 5,540 -181 
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Avge.* Pressure Dro) Reynolds Friction 
Pressure a Number Factor 
psia in.Hg. ft DeG aw, f 

17.1 0.45 31.7 1,010 2124 

17.3 0.25 17.6 1,710 123 

17.1 0.40 28.2 1,020 111 

17.3 0.20 4.1 1,720 2095 » 

16.8 0.30 21.1 870 +122 

17.0 0.15 10.6 1,530 114 

15.8 1.55 109. 1,510 128 

16.4 0.80 56.3 2,210 +108 

1762 1,15 80.8 1,570 119 

7.6 0.55 39.3 2,490 2095 

17.2 den}: 80.8 1,640 12h 

17.6 0.60 42.2 2,760 119 

18.3 1.0 70.4, 1,650 Cay 

18.6 0.5 35.2 2,730 +104 

16.2 1.75 123.2 1,750 122 

16.8 0.9 63.4 2,600 +104 


* Arithmetic average of inlet and discharge conditions, 
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Appendix 


CALCULATION OF EXCHANGER PERFORMANCE 


The method of stepwise calculation of exchanger performance 
has been developed as follows: 
For each set of passages of incremental length, Al, the incre- 


mental NTU is 


‘ite _ Je (a/s)_ (AD) 


a AO ee 0.818 


bh _ jn(a/s)s (AD 


N 
ee: At, 0.818 


where 


ét, = temperature change of hot fluid over length of ex- 
changer 
At, = t,—t, = temperature differenee between hot fluid 
and metal wall 
At, = t, —t, = temperature difference between metal 
wall and cold fluid 
i, —t, = temperature difference between two gases 
a/s = ratio of total surface to net open area per unit of 
length 


The equations for N7'U are applicable over a short length for 
which the conditions of physical properties and temperature dif- 
ferences between the two gases are essentially constant. The 
performance for the full exchanger length is obtained by adding 
up the NTU for each elemental length. 

The over-all NTU can be determined as a ratio of the NTU for 
either of the two streams: 


For the hot stream 
bt ét 
NTU, = —*- = ——* 
ST INNES 
For the cold stream 
ét, ot 
Nea f= £ 
fi te Ate lek te 


Arbitrarily, the over-all NTU, based on the hot stream, will 
be used for calculating the exchanger performance. The final 
answer would be identical were the NZ'U based upon the cold 
stream. For the NTU based on the hot stream 


dt, Gnttn (4/8), (Al) (At,) 


NTU, = = 
Gai te Chie BOSS) 


To find the value of the ratio At,/(At, + At,) in terms of the 
known physical characteristics and temperature changes 
dt, (0.818) 
Jnm (a/s), (Al) 
_ __ ot, (0.818) 
Gene (a/8), (AL) 
At, dt, (0.818) 
Aye an 61, (0.818) 


. 5.t, (0.818) 
Sete (0.818) 
Lin (4/8), ( Al) ] Feearin ere 


At, = 


which simplifies to 


At, ty 


Aeon, # wu, + ut, (®\) (m)[ Os 
dD Ne (a/s), 
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Substituting the value of this ratio in the equation for NTU 
jnala/s)y( Al) (6t,) 


it, 
NTU 2s Oe ee 
Re lol) 


Rearranging this equation 


Al = (0.818) E a te (i) ( ne | (a/8)¢ 


jnm(a/s), (4, — t.) 


The ratio of the two heat-transfer factors is a function of the 
modified Reynolds number to the 0.4 power (as indicated by 
test-core results) 


dn _ 0.245/(D.G/u)ie* 
je 0.245/(D,G/n),0*4 


The value of the effective diameter D, for the two streams is taken 
as being equal. 

The viscosities of the two gases, hot gas and the cold gas, 
within the same small increment of length, under conditions of 
operation, may be considered equal; hence 


Shs = (4\0 
EEA 
(0.818) E + ot (See (2 | 


Jum, (2/8), — te) 


Then 


Al = 


The calculation of exchanger performance can be handled 
by relating the performance at any section (and any tempera- 
ture) to the performance at an arbitrary temperature. This 
arbitrary standard temperature is taken as 100 F. The ratio of 
performance is given by 


Joo = 0.245/(D.Gi00/ 1100) 4 
je 0.245/(D,G,/m,)*4 


Since D, and G are constant along the length of the exchanger 


jioo/j, = (u100/1,)*4 


Substituting the value of (j,)100 in the equation for performance 


0.4 
0.818 B hey ey (=) et 
Ali G, ne J (a/s), 


0.4 
(Jn) 100 (es) m(a/s),(t, — t,) 


From this equation the incremental length for each tempera- 
ture range can be calculated and then the value of (j,)10 deter- 
mined from the conditions in any particular interval of length. 
The method of calculating performance is illustrated by the 
following example: 

Exchanger B is handling a flow of 4220 Ib per hr of nitrogen in 
the high-pressure passages and 4270 lb per hr in the low-pressure 
passages. The respective average pressures are 85 psia and 18 


psia. The observed end temperature conditions are as follows: 
Temperature, deg F 
High pressure Low pressure Difference 
Wiarmend! ay. ware 85 78.5 6.5 
Coldjend 3 rene eee — 256 :5 a Gants 20.2 
Temperature change 341.5 355.2 
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JOULE- THOMPSON AT AT TEMPERATURE,T 
MINUS JOULE -| THOMPSON AT AT 100/*°F 


FOR ISENTHALAC EXPANSION TO 18PSIA 
DON JOATA FROM REF 8, 


TEMPERATURE HP No,T 


Fig. 15 Net Joute-THomson AT 


The detailed calculations are handled in tabular form as shown 
in Table 6. The multiplier for the temperature change 6éé, of 
the cold fluid is 


(& ie m (a/8)y _ ( 6100 1p (O22) is a 
G, te (a/8)e  \12,500 0.922/ \354/ 

The ratio of fin effectiveness for the hot fluid to that of the cold 
fluid at 100 F is 0.967/0.922 and is taken as being constant over 
the entire length of the exchanger. Variation of this ratio with 
temperature is negligible. 

The first five columns of the table are used to calculate a heat 
balance over each incremental length. The balance could be 
made by taking enthalpy values from a temperature-enthalpy 
chart or table but as a practical method the scheme shown is 
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easier to handle. The high-pressure temperature is split into 
convenient intervals with the first increment taken as small as 
2 deg in order to reduce the effect of averaging in using this in- 
terval for calculating the value of ji. The net Joule-LThom- 
son effect (7) is the difference between the Joule-Thomson 
effect at an arbitrary temperature (taken at 100 F) and the 
Joule-Thomson effect at the particular temperature interval. 
Values are plotted in Fig. 15. The adjustment for unbalance 
flow is calculated by allowing a higher or lower temperature 
change for the low-pressure stream than for the high-pressure 
stream, inversely proportional to the difference of the two molal 
flows. The column next to the last is calculated as an incre- 
mental length which is converted to actual incremental lengths in 
the last column. 

The value of the heat-transfer factor at 100 F is then calculated 
by using the performance values over any increment of length 


0.818 E + (8t,) ay . ‘i el 
Th G 1?Je 
Al (29 np(a/8)n (ty — te) 


Substituting the values from the table for the interval 85 deg to 
83 deg 


} 0.818 [2 + 2 (0.896)] by 
Ji = (1192) (0.993) (0.967) (403) (6.5) ot 


Reynolds number at 100 deg F for the given conditions of flow is 
D,G/u = (0.0117) (12,500)/(0.044) = 3320 


From the temperature and incremental length values in Table 
6, the change of temperature along the length of the exchanger can 
be plotted, as has been done in Fig. 12. 
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Design of Regenerators for Gas-Turbine 


Service 


By DAVID ARONSON}! 


This paper presents a method for designing gas-turbine 
regenerators with particular reference to the condition of 
space being the principal limitation on design. For 
the plate-fin structure a procedure is given for arriving at 
maximum performance attainable in a given volume of 
regenerator core, and for calculating the fin patterns and 
plate spacings required to obtain such maximum perform- 
ance. For the tubular-type regenerator a method of ar- 
riving at optimum tube spacings is presented. 


NOMENCLATURE 


A = heat-transfer area, sq ft 


a = factor in determining fin effectiveness, a = 
(2h/kt)®-® 
B = constant j/(f/2)ong RL? 


(NTU) (W,»,)? (Pr) 
b = wetted perimeter, ft 


c = fraction of total length, Z,, given to cold stream: 
L,(c) = total height in no-flow direction 
of all cold-stream passages, ft 
L,( —c) = total height in no-flow direction 
of all hot-stream passages, ft 
Cy = specific heat at constant pressure, Btu/(Ib F) 
C = air or gas capacity rate, C = Wc,, Btu/(hr F) 
Co, C3, C4, Cs = constants related to f, 7, and 7/(f/2) 
C7, Cs, Cy = constants relating performance inside to outside 
of tubes 
D, = equivalent diameter of passage, for rectangular 
passages, ft 
48 4(D,D2) 2D,D; 
eS i = 
b 21D, + DD.) D, + Dr 
D, = width of rectangular passage, ft or in. 
D, = height of rectangular passage, ft or in. 
D; = inside diameter of round tubes, f¢ or in. 
D, = outside diameter of round tubes, ft or in. 
F = ratio of design factors, dimensionless (see text) 
f, f. = see dimensionless groupings 
G = mass velocity, lb/(hr ft?) or lb/(sec ft?) G = Vp or 
= V/v : 
G, = mass velocity at minimum opening between 
tubes, lb/(hr ft?) or lb/(sec ft?) 
g = proportionality factor, g = 32.2 lb ft/# sec? 
= A417 < 10%b ft/7 br? 
h = unit conductance for thermal convection heat 


transfer, Btu/(hr ft? F) 


1 Section Engineer, Heat Process, Elliott Company, Jeannette, Pa. 
Mem. ASME. 

Contributed by the Heat Transfer and Gas Turbine Power Divi- 
sions and presented at the Annual Meeting, New York, N. Y., Nov. 
27-Dec. 2, 1949, of Tos American Society or Mecuanicay Enai- 
NEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-144. 


967 


L 


n 


Ly 


see dimensionless groupings 

thermal conductivity, Btu/(hr ft? F/ft) 
flow length, ft 

length of passage for flow of gas, ft 
length of passage for flow of air, ft 


= length of assembly of passages in no-flow direc- 


N= 


NTU = 


le 
(AP/P) 
R 


Ye 


Nin 


(Atm)a 


( Ata)s 


tion for crossflow plate-fin type exchanger, or 
length in no-flow direction for tubular ex- 
changer, ft 
dimension in direction of stream flowing across 
outside of tubes, ft 
length of tubes, ft 
number of tubes in direction of flow across tubes, 
dimensionless N = L,,/S,z, 
see dimensionless groupings 
pressure, #/in.? or #/ft? 
pressure-drop ratio, dimensionless 
gas constant; for air R = 53.3 ft #/(Ib F) 
ratio of volume flow of two streams, dimensionless 
Wire _ Ware 
(W/p), War 


= hydraulic radius, ft 


free flow area, sq ft 

tube-spacing ratio, center to center in direction 
normal to gas flow, dimensionless 

tube-spacing ratio, center to center in direction of 
gas flow, dimensionless 


= temperature, R 


temperature, F 
long mean temperature difference, F 


_ Ut)p = (dol = [(t), 


id bay 7 aa 
(te), aro (ty Ye 
mean-effective-temperature difference to be used 
in determining efficiency for crossflow heat ex- 
changers, F 
UN a SANA) 
Atin = Ai): a ( Atm )a 
mean-effective-temperature difference between 
air and meta] wall 


(t, ye } 


tin 


mean-effective-temperature difference between 
gas and metal wall 

difference between bulk fluid temperature and 
temperature of metal wall at base of fin 

change in temperature of fluid going through re- 
generator, F, 6¢ = t; — tr 

unit over-all thermal conductance, Btu/(hr ft? F 
of A) 

velocity of fluid, at average air or gas tempera- 
ture, fps 

specific volume, at average air or gas temperature, 
ft/lb 
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W = flow rate, lb/sec or lb/hr 
xy = effective length of fin 
Y = correction factor to apply to log-mean-temperature 
difference to obtain effective temperature difference, 
dimensionless 
Y= At, / Atin 
from which NTU = 6t/(Y Atm) 
Values of Y are summarized on page 147 of (15)? 
from report of Bowman, Mueller, and Nagle (16). 


8, A = prefixes denoting difference 
« = heat-exchanger effectiveness, a function of NTU, 
C,/C,, and flow arrangement, dimensionless (see 
Fig. 2) 
— (bt 
e= (ae = (ade _ X of McAdams (15) 


(ti), — (4)a 


7 = combined fin and metal-wall effectiveness, dimension- 


less 
=o) 00 = 
7 "DD, Di + Ds 
n, = fin effectiveness, dimensionless 
tanh aay 
gh pare, 
axy 
p= Bpuollite viscosity, ]b/(hr ft) 
p = fluid density, lb/ft® 


« = ratio of free flow to frontal area, dimensionless 


Dimensionless Grouping 
A/S = 


f= 


A/S = 4L/D, 
The f ver- 


ratio of surface area to net open area. 
(AP)(v) 
(V?/29) (A/S) 
sus Re plot defines the friction characteristic of 
the surface 
is! (AP)(v) 
- (V3/2g)N 
f, versus Re plot defines the friction characteris- 
tic of the tube pattern. The velocity, V, is that at 
the minimum opening between tubes and WN is 
the number of such openings in the direction of 


= Fanning friction factor. 


= friction factor for flow across tubes. The 


flow 
f, is related to f by: 
(S7/D,. — 1) na 
fe «/4 a ? ey i 


= (St) (Pr)? = generalized heat-transfer grouping. This 
factor, 7 versus Re, defines the heat-transfer char- 
acteristic of the surface 
NTU = number of core “heat-transfer units,” a dimensionless 
expression of the “‘heat-transfer size’”’ of the core. 
NTU is customarily based on the minimum weight 
flow. 


NTU TS UA/Cnin = 


” 


ot, 
At, 
Temperature change of air 


~ Over-all mean-temperature 
difference 


2 Numbers in parentheses refer to the References at end of the 
paper. 
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NTU, = NTU for the air side of the core. NTU, = NgtgAg/Ce 
ét 
ee —2/; is a 
ae Jja(Pr) Na(A /S)a (AES 
NTU, = NTU for the gas side of the core 
ot, 
NTU, = gh gAg/C,=i,(Pr) ~ */* 14(A/S)= CHO 
Pr = (C,u/k), Prandtl number, a fluid property modulus 
Re = (DG@/z), Reynolds number, a flow property modulus 
characterizing the ‘‘turbulence”’ 
St = (h/Gc,), Stanton’s number, a heat-transfer modulus 
= tanh OE as friction factor for flow across tubes based 
(V?/2g) (A/S Jon ratio of surface area to minimum 
open area 
Subscripts 
a = air-side condition 
g = gas-side condition 
2 = condition on inside of tube 
o = condition on outside of tube 
1 = fluid entrance condition to heat exchanger 
2 = fluid condition at exit of heat exchanger 
Miscellaneous 
lb = pounds mass in distinction to 
# = pounds force 


INTRODUCTION 


This paper develops a design procedure for the gas-turbine re- 
generator. It is particularly applicable to those installations 
where space available for the regenerator is limited. Both the 
extended surface, plate-fin type, and the tubular type are con- 
sidered. 

In regenerator design there is an optimum ratio between the 
heat-transfer coefficients and surface areas on the cold side to 
those on the hot side which will result in the lowest over-all pres- 
sure drop AP/P for a given regenerator effectiveness «. In the 
past this ratio was arrived at by tedious trial-and-error calcula- 
tions. By using the relationships developed in this paper the 
designer may reduce the number of such trials or eliminate them 
completely. Further aid in design is to be found in the work of 
Soderberg and Smith (1) which shows the effect of regenerator 
thermal effectiveness on cycle efficiency, and in the paper of 
London and Kays (2) which is a comparison of several types of 
heat-transfer surfaces for regenerator application. 


GENERAL DrEsIGN PROCEDURE 


The design of a gas-turbine regenerator is simplified if one works 
mainly with dimensionless ratios. The two important ratios are: 


bt Temperature change of one fluid 


At,, | Over-all mean temperature difference between one 
fluid and the other 


AP _ Pressure drop of fluid going through regenerator 
I Absolute pressure of fluid 
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By simple algebraic rearrangement of the well-known expressions 
for heat transfer and pressure drop, it is possible to develop the 
relationship between these two ratios. At the same time one 
obtains equations relating these ratios to the physical design 
of the regenerator. 

A balance between the quantity of heat to be transferred 
and the force producing the transfer is given by 


steel Ala taaa kisser ia ees [1] 


which can be rearranged to 
AW Go bt) Migpiy ive osc as nyse ale] 


This ratio of temperature change to temperature difference is ex- 
pressed as NTU, number of transfer units. The performance on 
each side of the regenerator may be expressed similarly. For 
the gas side 


Wlep)p\(Bt)y = higtgAg (Aty)y.ceccecsecees. [3] 


which rearranges to 


This ratio can be calculated directly from the heat-transfer fac- 
tor j and the ratio of surface to net open area A/S 


22 ane Aya 
aN ee 


Substitution of the value of 7 from Equation [5] in Equation [4] 
gives 


77 IAA/S) og 
NT Of ee (cpu/k)/3 


A similar development applies to the air side. 

The pressure drop for flow in tubes or continuous passages is 
given by 

V2 (A/S 
AP = een 0 | [7] 
2gv 

and by dividing through both sides by the absolute pressure P, 
the dimensionless form is obtained 


fV? (A/S) 


DBP ar Dds oe cc es 
/ 29Pv [8] 
and since 
Pv = RL 
f V2 (A/S) ‘ 
PS BOOT OO 9) 
ARIE 2gRT 9) 


For conditions in a regenerator the values of P, v, and 7 may 
be taken as the arithmetic average of inlet and outlet conditions 
without introducing significant error. 

Equations [6] and [9] may be combined to give the relation- 
ship between N7'U and AP/P 


[i/(f/2)lp (AP/P), 9RT yn, 
V4, (Cyu/k)" 


The value of j/(f/2) is a function of both Reynolds number and 
passage geometry. For flow through round tubes at Re from 
5000 to 200,000 the values of f and j, respectively, may be ap- 
proximated by 


NTU, = 


f = 0.046/Re? 
j = 0.023/Re? 
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eat 


t HOT 
yp amend Gas (te, 


° DETAIL OF PASSAGES 


(2), $1, (9), * 5,7 


(2, PT Ww, ~ (tp- t.) (Oa * Wa- (tg- te) 


Fic. 1 ARRANGEMENT OF SURFACES IN PLatTE-FIN-TyPE REGEN- 
ERATOR 
so that 
j/(f/2) = 1.0 


At values of Re less than 5000 this ratio becomes less than unity 
and is dependent on the length-to-diameter ratio of the passage. 
Test values of different types of fins are reported in (3), (4), (5), 
(6), and (7). For the type of construction here considered, the 
values of j/(f/2) vary from about 0.5to 1.0. (See Fig. 1.) 


A Relationship Between Individual and Over-All Performance 
Values. 
The reciprocals of the NTU, and NTU, may be added to give 
the reciprocal of the over-all NTU, shown as follows 


iy calle 72 ¥ 1 
Use Shain han. 


In a gas turbine the weight flows and the heat capacities of the 
two streams are approximately equal so that 


Citi Oat Bio Sak eee [12] 
Dividing Equation [11] by [12] 
1 * 1 a 1 (13] 
UA bere hy Agng heAgna 0's Og © a) 6 ein «uae 
Ge CG; Oz 
which from Equations [2] and [4] is identical with 
nue. a : [14] 
NTU a NTU, NTU, 28) 6. @ 0, 6.6 6,87 2,8 88: 


Where no subscript is used, NTU will be read as the over-all 
number of transfer units. The over-all NTU can be related to 
the individual pressure-drop ratios by substituting Equation [10] 
in [14] 
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1 en 
NTU  [j/(f/2)],n( AP/P), gRT, 
2/3 
ey: a yAE ta ea [15] 


[7/(f/2) lana AP/P)a 9RT 4 


The individual pressure-drop ratios can be shown by thermo- 
dynamic analysis to have an effect on the cycle proportional to 
their sum 

INDIE NPP) cto OE non oa noo. [16] 


This develops from the expression for the entropy gain due to 
pressure loss which is given by 


—R In (P2/P1) 


where P; is the pressure at the inlet to the regenerator and P» is 
the pressure at the outlet. For the small pressure ratios in- 
volved in regenerator design the logarithm of the ratio may be 
approximated by 


In P2/P; =n el 7 AP/Pavg) SS —AP/Pavg 


B Optimum Relations Between Performance in Air and in Gas 
Passages. 

There are optimum ratios between the individual NTU and 
the individual AP/P which give the highest over-all NTU for 
a given AP/P, or for a given NTU, the lowest total AP/P. 
Partial differentiation with respect to the possible variables and 
setting the resulting partial differentials equal to zero gives the 
optimum conditions. 

The following relationships are developed in order to arrive at 
equations suitable for differentiation 


VERS ACG 02) iS eaves ooepnteneraes [17a] 
Vie = (Wes Seen cenee cecum [17b] 
Let 
Pre Wialln)/ CW 20, eaxica knee Le! 
and 
L,(c) = length in ft in no-flow direction given to 
cold-stream passages. ch sos sr ace ene. « [19a] 
L,(1 — c) = length in ft in no-flow direction given to 
hot-stream passagesiuda.s eciaee oeeeenieete {19d ] 


The space occupied by metallic separating walls is neglected. 
The areas for flow are, respectively 


Se =s( Ty) iy C0). 5 tae [20] 
Sores: (Ee) (LD) Coes ne ee [21] 


_ Substituting Equations [18], [19a], and [19d], in Equations [17a] 
and [17)b] gives 


(Wv,) 


Ve = (Ey Gee), pit Peder tetas [22] 
(Wa) r(W 0) 
Vi = goa eee 
« EAL, (LMENO) vel 
Inserting these values of V in Equation [15] 
ae (War)? (Pr) 
NTU I/(F/2)g 196 AP/P),gRT, (L,)*(L,)*(1 a. Oye 
Ae A [24] 


* F/G/2Dana (AP/P),gRT, (L,XLXoy* 


To simplify the analysis one can assume that the following 
terms are equalities (which is approximately true) 
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GMG/2)q = GMF/2)a 
1g = Na 
(Pr),'/* = (Pr), /* 


and that the change in value of j/(f/2) in the range of possible de- 
sign variations may be considered a second-order effect. Let 


GMG/2)9Mg RL? _ 
(NTU) (W,v,)? (Pr)*/ 


then Equation [24] becomes 
1 ie 


oo .. [25 
B (AP/P),T, L,X1 — c)? a (AP/P) qT lig2c? ae 
Let 
Pose NTU G/N TU ett eee [26] 
r2 
: 1/NTU, (AP/P),T,Lin2C? 
= ee eee 2 

a 1/NTU, 1 fot 


(AP/P),T Ly? (1 — ¢)? 


Substituting Equation [27] in [25] and solving for the individual 
values of AP/P gives 


* Cees 
CAP) PIA ee [28] 
( Ap/pyenta EE (29) 


(F) (EB) (i,) (ee 2, 
Substituting Equations [28] and [29] in Equation [16] gives the 
general equation 

(Est 
CF) BLS) (es Pee 


ote igh 
Mammen TOP ey i 


. [30] 


The value of F and c for minimum AP/P are found by partial] 
differentiation as mentioned above 


(ge) jie eget 
vw Jr BG) A—e} 7, 
ae (F +1) 2 r2 
prea 55 Cm) ed 


( c \ (rLy/Lg)? (T/T) 
ee ae F 


eC apie) — 1 
oF /, BL, 1—c)T, 


r2 


 -F2(B) (L,)%c)? T, 


Substituting the value of F obtained from Equation [34] in Equa- 
tion [32] gives 


erga LN a Tho eer [35] 


Substituting Equation [35] in Equation [84] gives 
Fari(rila (La) Epes eos ee [36] 
Comparing Equation [36] with Equation [35] one notes that 


WAALS Ne (6) he: ele) e selkel is terte) Ae e eee 
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Equation [27] can be rewritten as 


_ 72 (AP/P),T,Ly? (1 — ¢)? 


(AP/P) Tigers MATT anh [38] 
which combined with Equation [34] gives 
_ (AP/P)a 
(APB ee (39] 


These relationships can be more readily visualized by equating 
them all to F. 


(AP/P)q c 


0.5 0.25 
= i) CG) eres [40] 


(D2), and (D2), are the heights, respectively, of the cold and hot ° 


stream passages, on the basis that there is the same number of 
passages for both streams. 

The over-all NTU can be related to the over-all pressure-drop 
ratio and the velocity of either stream by rearrangement of 
the relationships given in Equation [40] 


(AP/P)nlj/(f/2)] gRT, 
(1 + F)? (V,)? (Pr)’/# 


_ Ft (AP/P)nli/(f/2)] gRT. 
(1 + F)? (V,)? (Pr) 


NTU = 


In the foregoing analysis no allowance has been made for losses 
other than frictional pressure drops. These other losses are 
small enough as not to affect significantly the design relationships, 
but they should of course be included in the calculation of over-all 
performance. 

For the general case in which 


C,/C, =ZA1 
W,/W,=M #1 
(cy)/(Cp)g = ZM A 1 


the analysis is similar to that already presented, except that the 
ratios of the two flows must be included. The final equations so 
derived are 


CPE ye OST oe 


~ M(AP/P),  Z(NTU), 


o (cy), 0-25 TT.) [8 ?, 0.25 
| | oe | |Z | net sis Hie 


C Design of Exchanger Passages. 

The spacings of exchanger passages can be calculated by means 
of Equations [6] and [40], and from plots of the j values for the 
particular fin design chosen. The ratio of passage heights is 
given by Equation [40], but the absolute value to be used is a 
matter of judgment on the part of the designer. He must balance 
high fin effectiveness against increased cost and weight as 
the height of individual passages is reduced. Conversely, as fin 
height is increased fin thickness must be maintained adequate to 
provide reasonable values of fin effectiveness. The fin effective- 
ness is given by 


y, = (At),,/CAt), =. (tanh axr,)/(ar,)....+... [43] 


where 


a = (hb/kS)9:5 = (2h/kt)5 for uniform rectangular section fin 
x, = effective length of fin 
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This length will vary from one half the passage height to the full 
passage height depending on the method of assembling the indi- 
vidual passages. If the regenerator is built up by assembling 
individual flat ‘‘tubes’”’ consisting of one gas passage and one air 
passage as shown in sketch B of Fig. 3, then the fin height is the 
full passage height. If made with one center passage for air and 
two half-passages for gas as shown in sketch A of Fig. 3, the fin 
height is taken as one half the center passage height for the air 
side and the height of the half-passage for the gas side. If there 
are an even number of passages bonded together as shown in Fig. 
1, then the fin height is some value between one half and the full 
passage height. 

The direct surface effectiveness may be taken as unity, so that 
the over-all effectiveness is 


=a (its) * aa) 
U omen) Peeps Delia ae 


The effective diameter, D,, for smooth continuous fins may be 
obtained approximately by substitution in Equation [6] of the 
relationship between j and Reynolds number 


NTU = j (4L/D,) (Pr)~7/* = 0.023 (Re)~%-? (4L/D,) (Pr)~7/# 
sated tus hey ane [45} 


D Ezxample—Over-All Performance. 

The design of a regenerator for a locomotive gas turbine will 
illustrate the handling of the foregoing relationships: 

The following are the approximate properties of the two streams 
(exact values not being known until the regenerator has been 
designed): 


Gas side Air side 
Weight flow, W, Ib/sec............. 60 60 
Average density, lb/ft?............. 0.0333 0.166 
Average specific volume, », ft?/Ib.... 30.0 6.0 
Average viscosity, u, Ib/(ft) (hr)..... 0.076 0.068 
Heat capacity, c,, Btu/(Ib) (F)...... 0.25 0.25 
Prandtl] number, c,4/k............- 0.67 0.67 
Average temperature, 7’, deg R...... 1210 980 
Average pressure, P, psia........... 14.9 60.0 


The regenerator is to have a core of the following dimensions: 


Length of flow path for hot gas, Z,, 3 ft 
Length of flow path for cold gas, L,, 7 ft 
No flow direction, L,, 6 ft 


As a first step in the design one can determine the relationship 
between pressure-drop ratio and NTU. With this information 
the turbine designer can decide upon the optimum NTU for the 
turbine cycle. 


The design parameter F is given by Equation [36] 

F = [(0.2) (7/3) ]®-5 (1210/980)9-25 = 0.72 

(The first figure of 0.2 is obtained from r = v,/v, 
6/30 = 0.2) 


Assuming that the ratio of net free area to gross cross-sectional 
area for the sum of the two streams (o, + ¢,) is 0.85 and that it 
is about proportional to the relative net free area of each, then 
the velocities of the gases are 


Il 


oe Wa & (60) (6) 
ty) (eee)  _ (8)(6) [(0.72)/1.72] (0.85) 
1+F 
= 56.2 ft/sec 
ple eg Te (60) (30) 
” (Ly) (Le) (1/L + FY) (7) (6) (1/1.72) (0.85) 
= 88.7 ft/sec 
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Either of these values can be substituted in the appropriate 
part of Equation [41] to give the relationship between pressure- 
drop ratio and NTU. The following values are assumed for this 


preliminary study: 
Fin effectiveness, 7, = 0.85 
- G/(f/2) = 0.75 


The ratio of j to the half friction factor is higher than 0.75 but is 
reduced to allow for pressure losses at inlet and discharge and for 
losses or gains due to acceleration or deceleration of the fluid 


streams. 

Based on gas stream 

(AP/P) (0.85) (0.75) (82.2) (53.3) (1210) 
(1.72)? (86.7)? (0.77) 


NTU over-all = 
=f 2 (NPY) 


Based on air stream 


(AP/P) (0.85) (0.75) (32.2) (53.3) (980) (9.72)? 
(1.72)? (56.2)? (0.77) 
= 77.2 (AP/P) 


NTU over-all = 


If the AP/P for the cycle is limited to 3 per cent, then the maxi- 
mum VZU obtainable in the given volume is 


NTU over-all = (77.2) (0.03) = 2.31 


which for a single pass crossflow unit gives an efficiency”e of 64 
per cent, Fig. 2. 


MULTI-PASS CROSS-COUNTER 
FLOW EXCHANGER Cmuin/Cmax=! 
UNMIXED FLOW WITHIN PASSES 
t 


ed <t--------, 


\ ’ 
At uf 
oS as. 


wor ZAK 
-MNERERY, 
Ngan DNceca 
SOTe7 2-Pass Se 

Got 


COUNTERFLOW 
(n+ 02) oa 


VS 


EFFECTIVENESS 


NO. OF TRANSFER UNITS, NTUmox*AU/Cmin 


Fic. 2 Proror NTU Versus ExcHANGER EFFECTIVENESS ™ 


ad 


E Example Design of Passages. 

The calculations to arrive at passage and fin spacings for an 
over-all NTU of 2.31 are as follows 
From Equation [40] 


NTU, = (1 + F) (NTU) = (1.72) (2.31) ='3.98 


NTU, = (=) CN) a= (ee) (2.31) = 5.52 
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Fré. 3. Heatr-Ftow Pattern IN FINNED SECTIONS 


From Equation [45] the equivalent diameter of the two pas- 
sages arefound. Using the values of Pr and 7 assumed 


NTU = 0.023(0.85) (Re)~°-? (4L/D,) (0.67) —*/2 
and assuming that Re, = 3000 and Re, = 10,000 
(L/D,), = (3.98) (3.000)*-? (0.76)/[(0.023) (0.85) (4)] = 193 
(D,), = 3.0/193 = 0.0155 ft = 0.186 in. 
(L/D,), = (5.52) (10,000)°-? (0.76)/[(0.023) (0.85) (4)] = 343 
(D,), = 7.0/343 = 0.0204 ft = 0.245 in. 


With these calculated values of equivalent diameter, the as- 
sumed Reynolds numbers can be checked and corrections made 
if there are significant differences. Calculation of passage heights 
and fin spacings follow customary procedure. After allowances 
are made for such factors as actual fin efficiencies, area oc- 
cupied by metal walls, entrance and exit effects, according to 
the method suggested by London and Kays (2), the final pre- 
dicted performance values given in Table 1 are obtained. 


DesiIGn oF TUBULAR REGENERATORS 


From the standpoint of maximum performance for a given 
volume of heat-exchanger core, the use of bare tubes results in 
lower thermal efficiency than possible with extended-surface 
plate-fin construction. The foregoing analysis of extended-sur- 
face design showed that if there were no limit on the amount of 
surface and if the fins and separating plates could be made com- 
paratively thin, the over-all NTU obtainable in a given volume is 
directly proportional to pressure-drop ratio. A similar propor- 
tion exists for tubular design but the N7’U compared to extended 
surface is lower for the same allowable pressure-drop ratio. 

The use of tubular design is often indicated on the basis of 
lower cost, better mechanical design, and suitability for high- 
pressure as well as high-temperature service. A full discussion 
of this subject is not within the scope of this paper. 

In connection with the design of radiators and intercoolers 
for aircraft service, a type of heat exchanger comparable to a 
regenerator, a number of design charts, and methods of prepara- 
tion of such charts for selecting the proper size of core have been 
developed (8), (9), (10), (11), (12), and (13). The procedures 
given usually refer to the selection of a core which has already 
been designed having a fixed pattern of tube spacing and diame- 
ters, or plate and fin arrangements. Tubular regenerators, 
on the other hand, will usually be designed for a particular 
model of gas turbine, so that there is a choice of both tube diame- 
ters and tube spacings. The tube length and the other dimen- 
sions will in many cases be fixed by the over-all turbine design. 
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TABLE 1 COMPARISON OF REGENERATOR DESIGNS FOR 
LOCOMOTIVE SERVICE 
Tubular ——— 
Extended High Low 
surface effective- effective- 
inconel ness ness 
€, DOr CONG ae clus. cerdhe.c ae ie a elevs 64 4 2 
ee ORICONG.0 sf ehete lea} eYere,s.sleliese 2.92 7.78 3.01 
BNET Othe eesat ch xciuuas Paves cacahansussasetainiens 2.35 2.35 1,22 
Wicks, lb (core only).......... & 7,000 3,600 4,400 
Total surface, “ft?. cave... ses oer » 24,800 9,300% 6,550% 
Directisurface, ft? sce ee 7,100 
Indirect surface, Rtas. Acwon ales sc 17,700 
Unit heat-transfer coefficient, U, 
based on direct surface 35.86 25.5°¢ 18.8¢ 
Number of tubes......... 9,709 3,825 
Outer diameter of tubes, in. 0.280 0.500 
Inner diameter of tubes, in 0.242 0.485 
Spacing of tubes: 
in direction of gas flow, SL/Do.. Lavo 1.40 
in no-flow direction, ST/Do..... 1.94 1.92 
Thickness of separating plate, in... 0.020 
Gas side 
APPPG;DON BONG ci one ass 1 Wy ss 3.05 1.38 
TUg. SO. A 4.01 4.05 2.09 
h, Bea/(hr ft? F).. KEES Se 16.9 43.8 82.3 
n, fin effectiveness........... 0.80 
Petal surface, ft2.5.. 0 «de. cede os 16,000 4,990 3,500 
Direct surface, ft?........... 3,550 
Indirect surface, ft?.......... 12,450 
Number offins perinch....... PERRO 
Fin thickness, in............. 0.010 
Passage height, Soares stan Sh etavere 0.45 
G 1b/(hr ft?) REE ee Ar 10,420 10,600 10,670 
WerLU/SOCC aC ercice ets cee te ce 86.7 86.5 
OQ cc Satis wis oles MRS AOS 2,120 3,240 5,850 
Air side 
ESL DEL CONB 55 so ecco ors 1.17 4.73 1.63 
Bf racer anes Lorton ee Re 5.70 5.58 2.94 
h, Bic y(t PRET § BR ele oa 36.5 69.6 Epsral 
n, fin effectiveness............ 0.85 
Total suntacOs 1620). ¥ foun os: e}oie fese.0.s 8,800 4,340 3,050 
Direct surface, ft?.. 3,550 
Indirect surface, ft2.. 5,250 
Number of fins per inch 4.8 
Fin thickness, in....... 0.010 
Passage height, in 0.337 
(EL OVAC IVES 32a), AAS cece ee aera 33,600 74, ef 55,000 
UST UEC Bee ca 56.2 1.6 92 
Bane iee sreretdhereatnsars mn sterenrene 10,100 22, 000 29,200 


2 The total surface for the tubular design is given as the sum of the outside 
surface and the inside surface in order to give a true comparison with the 
total surface of the extended surface units 

6 The over-all heat-transfer coefficient U for the extended-surface design 
is based on one half the total direct surface to put it on a basis comparable 
with the tubular design. 

¢ For the tubular design the coefficient U is based on the outside tube- 


surface area. 


A General Design Relationships. 


The design of tubular regenerators to some extent can follow 
the procedure given for the extended-surface type. The ratios of 
NTU’s for optimum performance can be expressed by a design 
parameter F’, but it should be noted that this parameter, given in 
Equation [46], is independent of the over-all dimensions of the 


regenerator. The relationships for a tubular design are 
NIU i eeeen le A/C 
= Se a IO cee 46 
- NTU, h,A,/C; eo 
For gas-turbine regenerator one may consider that 
OF —— C; 
For a bare-tube design 
A,/A;='D;/D; 
so that Equation [46] becomes 
NTU h, D 
ta sy win adel, orld Gwe ® 47 
i NTU, h, D; aq 


The ratio of the two heat-transfer coefficients (h,/h,) is obtained 
from the ratio of the mass velocities on the two sides which will 
give the highest over-all conductance U for the minimum total 
friction power. This ratio of mass velocities when applied to 
the expressions for heat transfer and incorporated in Equation 
[47] gives 


F Cs 3 ale ie (aie ag 
“ (DC Pe D; Y% T; By ig 
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The constant Cs, which is a function of tube configurations, is 
shown in Figs. 13 and 14. Employing this ratio of the two NTU’s, 
one can calculate the absolute values of the individual N7'U’s for 


lOnt2 Vie) Cts 


18 20 
$7/0, 


22 24 26 26 3.0 


Fie. 4 Constant C; as A Function or Tuse Spacine; FLow or 


Arr Across In-Line Tupes. CHaArt From (8) 


= 
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Fie. 5 Constant C2 as A FuNcTION or TuBE Spacine; FLow or 
Arr Across STAGGERED TuBES. CHART FRoM (8) 


a given value of over-all NTU. From the NTU; the L/D; of the 
tube is obtained by using Equation [45a] 


0.023 (4L,/D;) 


Es = “Re HBr) 


The pressure drop for flow inside the tube is given by Equation 
[9a] 


V2 Aly/D; 


(AP/P); =f 2g RT. 


Equation [45a] may often give a tube diameter smaller than 
considered practical. One can redesign the unit for multipass 
on the tube side so that the effective tube length is increased, or 
accept a design which will not give the maximum NTU/( AP/P) 
ratio for the given volume. In the latter case more surface is re- 
quired for the same NTU. 

The tube spacings required for the optimum ratios of heat- 
transfer coefficients are given by 


(S,/D,) (S_/D, ie 1) 
100 (C2/F)"?5 (D;/Do) (Ln/ Lr) (Ho/ mi)? 
— (D,G,/n6)03? mi 


. [49] 


for the case of in-line tube arrangements and staggered tube ar- 
rangements having the minimum opening in the transverse spac- 
ings. While Equation [49] does not give the absolute values of 
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the spacings, one can be guided by the general principle that 
S,/D, should be made as small as mechanical design limitations 
permit because this results in the highest heat transfer for a 
given friction power as indicated roughly by the plots of Figs. 
6, 7, and 8 where C; is related to the factor j/(f/2) by 

FAT /2), = Osh DG] payed os ot nt ae 100] 
and C;is 


UWAOG: 


Cs 


7 20 Su/ Dat} 


16 186 2.0 2.2 24 26 2.8 3.0 
S7Do 


Fia. 6 Constant C4 as A FuncTION oF TuBE SPACING; 
Arr Across In-Ling Tuses. CHartT FRom (8) 


FLow oF 


CONSTANT C4 AS A FUNCTION OF TUBE SPACING 
FLOW OF AIR ACROSS INS EINE VEE S CHART FROM REF8. 
T= 


C4 
10 12 464 %£L6 18 20 2.2 24 26 28 30 
St/Do 
Fic. 7 Constant C4 as A FuNcTION or TuBE Spacine. FLow oF 


Arr Across STAGGERED TuBES. CHART FRomM (8) 


Often tube spacings will be limited by minimum ligament re- 
quirements in the tube sheet. (In the design of the regenerator 
for locomotive service shown in Fig. 17, close tube spacings were 
obtained by bending the tubes into an arc.) 

The values of C2 and C, are functions of Reynolds number and 
tube arrangement. Wood and Brevoort (8) have prepared simpli- 
fied correlations, Figs. 4, 5, 6, and 7 of the data of Pierson and 
Huge as correlated by Grimison (14), for heat transfer and fric- 
tion factors for flow across tubes. The values of the several 
authors are related as follows: 

C, = 0.31 F, where F, is the arrangement factor of Grimison 
and_C», the'constant*given by Wood and Brevoort in 


RD filex= Cy Res: aeaeleties tattle ee oer [52] 
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Fie. 9 Constant Cs As A FuncrTion or TusE Spacing; FLow or 
Arr Across STAGGERED TUBES 


In the preparation of their plots Wood and Brevoort incorporated 
the value of Prandtl number in the constant C2. In order to 
cover a wider range of gas properties the Prandtl] number is rein- 
troduced, and in line with the treatment followed earlier in the 
paper, the heat-transfer expression is transformed into the 
Stanton number thus 


h/c;Gi= A 10 CPR /* Re tt ae [52a] 
The pressure drop on the outside of tubes is given by 


4f,NG» — 4f,.NV? _ 4f,N V? 
Q29P 9. QgPv RT 82g 


VA Ey, = 


where 
de = C4/(Re)®-38 = farimison sete) ane « foteheepeMaele [54] 


The value of NTU, can be obtained from Equation [52a] by 
incorporating the ratio of surface to net free area 
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100 

Pe —- heat flow with the ratio of G, to G;. The following 

Aes sa are taken as equalities 

0.6 1) W,= W 
=e ope 

a8 aS (cy)o = (6p) 

ie 0.4 Res } pu i 

035 ‘aaa The analysis will be based on the performance of 

0.30 ET a single tube in a tube bank and the length of tube 

0.25 oe to be considered will be taken as equal to the out- 

0.20 fe Et side diameter. This does not affect the validity of 
Bee | the analysis since the regenerator is merely a multi- 

O15 ] ple of such an elemental area with all factors in pro- 
ig] | portion. 

0.10 (i Hain The performance on the inside of the tube will 

Qos -—t4 Co be considered only for the case of turbulent flow for 

Gor which 

006 f = 0.046/Re°? 

0.05 and 

(900 2000 3, 4, 5, 6, 7% 8,9,10000 15, 20, 30, 40, 50,66, j = 0.023/Re°? 
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NTU, 


The equations here presented are sufficient for the design of a 
tubular regenerator which will make the most effective use of 
the surface employed. 


B Derivation of Relationship for Optimum Performance. 

The analysis of tubular design for optimum performance is 
predicated on the thesis that the ratio of the mass velocities on the 
two sides is the primary variable. The effect of tube configura- 
tion on the optimum ratio of mass velocities is treated as a 
second-order effect. 

The several design equations must be arranged to express the 
variation of total friction power loss and of total resistance to 


The pressure-drop ratio is then expressed as 
0.046 G;v;? 4(D,/D;) 
(D;G;/u;)%? 2gkT; 


The amount of fluid flowing is W = GS = G (1/4) D;? which, 
substituted in Equation [56], gives 
0.046 (u;)%? x (D,) 1:3 0,29 
29(D,/D;)°* RT; 


(AP/P); = ae LOO} 


(AP/P)W; = | | G28... . [57] 


To simplify the handling of the equations the terms inside the 
brackets can be called K; 


Ka 0.046 (u;)%? (D,)#8 0,29 
*" 29(D,/D;)°8 RT; 


(APAR Wipe IOGU8L co.cc eons [59] 
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The heat transfer on the inside of the tube is given by Equa- 
tion [45] which becomes 


x 0.023 (u;)%? Do'a(c,); fc 
h,A; = | Pr’/s (D,/D,)"=8 EGU wotirooe [60] 


Let 
_ | 9.023 (u;)!-2D,!8(cy); 
H; = | Pra (DD) We ce [61] 
hr A = HGS =, Biase Gee ene [62] 


For the fluid on the outside of the tube a similar rearrangement 
is carried through. From Equation [53] 
v)* 40, G,? 
2 Rae "1 (DG, /ua)-8 2g RT, 


(AP/P), = ae - [63] 


Instead of a friction factor f, based on the number of tubes, NV, 
in the direction of gas flow, one can express pressure loss by a 
drag factor ¢ based on the ratio of surface area to net open area 


A/S = [#D,/(Sp — D,)] = «/(S7/D, — 1) 


INOUE cx 
(AP/P), 29 Te 
C, G, 2 U5 2 
.. [64] 
~ (D,G,/11,)8 29 RT, 1D, — 1)" 
so that 
Ci(Sp/D, — 1 
CG = en (values for Cy are given in Figs. 15 and 16) 
Tv 


Multiplying both sides of Equation [64] by W = GS 


Cs G,3 
anon = [ral 3) (gf) an 
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which simplifies to 


Com (u,)°38 D, 8? v,2 


AP/P,)W, = 
(AP/P,) OORT, 


Let 


, Cor(u,)° 18D! 87 0,2 
Kes Se re mond atclaitwo [67] 
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then 
(Qe eM Sid MORI tear ce oiaic ¢ [68] 
The heat-transfer equation is obtained from Equation [52] 


1.10 C, ae. G, 


phy = Prt Rett Aeretrcee ste [69] 
ve 10 C2 (¢y)o Dok® set eee 
Pr 2/4 0 
Let 
wide 10 C2 (¢p)o Do'® (Ho )™* 
H Ps Pr 3 ie a ogtt conas renee [70 ] 
then 
Liga GCS sR ames see, 8 ae [71] 


This completes the establishment of equations to represent 
performance on each side of the heat exchanger. The over-all 
performance is given by 


Al 1 1 
VAg\ As) BA; 


= RW (resistance): ..... + [72] 


Substituting Equations [62] and [71] in Equation [72] and re- 
arranging 


1 1 
ies oe de a gee Le 73 
H,G,o8 te H,G,°* [73] 
or 
1 1 
H,G,° 6 = HG. AOI OC OOn Ua [74] 
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solving for Gp gives 


I ee 
Kite F- (RAVAGE dian diag 


The total friction power loss is given by 
CAR PW = {CNR RW pt CARE) W cee omte (76 ] 


Substituting the values of the individual friction power losses from 
Equations [59] and [68] in Equation [76] gives 


> so 10h 


CAPTP Wo RGU RiGee) ee ee, [77] 


Substituting the value of G, from Equation [75] in Equation [77] 
gives 


UG 
SF ((H,)(R — 1/H,G,o-3) ]2:87/0.6° . [78 ] 


(AP/P)W = K,G;8 


The optimum arrangement to obtain a given over-all heat 
transfer coefficient UA occurs when (AP/P)W is a minimum 


ee ee ea 
oG Sb ete ae 
K, (—2.87/0.6) (0.8/H;) 


H, 287/008 (pe 1 /H,G,0-8)8-37/0-6 (G;)8 


ae 
Setting this derivative equal to zero will give the minimum for 
(AP/P)W 


E 2.87 (K,) (0.8) 
0 = 28 K.G2° (2) H,[H,2*47/0-8 (1/1, G08) #47/0-8 | 


(2.87) (0.8) (ae) Ae 


= 28 KG, 
Ce eas (0.6) iT, 
G,3-6 2.87) (0.8) K,H, K,H, 
oe OU) SR ee [79] 
G27 ~ (2.8) (0.6) KH, KH, 


Substituting the values of K,H,/K;H; in Equation [79] and 
simplifying, results in the ratio of G values for optimum per- 
formance 


G, 1 je (C2) (Cs) a 
G,  (D,G,/1,)0%7 (0.046) (0.023) 


0.4 D 1.6 2 T. 0.278 
CROMOKG) mame 


| 1.87. CEI Conn: 
Le | (0.046) (0.023) | 
G 


t C $ 0.11 D 0.444 , 0.555 uN 
i : Q ° vo ae eegical 
G, (D,G,/ Ho Pais (**) (2) (“) (Z 


This ratio of mass velocities is seen to be largely a function of 
the ratio of specific volumes. The value of the constant C; 
changes only slightly with tube configuration. Reynolds number 
on the outside of the tubes comes in only to a low power. The 
viscosity, temperature, and diameter ratios have only a small 
effect. This optimum ratio can be used to arrive at the design 
parameter F given in Equation [48] or it can be used in any other 
design procedure to arrive at final performance values. 


(the values of C7 are given 
in Figs. 11 and 12) 
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These equations have been used for designing a tubular re- 
generator for the same conditions as given previously for the 
extended-surface type. Predicted performance values are given 
in Table 1 for two alternate tubular designs. In one design the 
effectiveness is kept the same as for the extended surface. 
The much higher pressure drop for tubular design is strikingly 
apparent. In the other design the pressure drop is kept approxi- 
mately the same as for the extended-surface type and as a result 
the effectiveness is considerably reduced. Offsetting this poorer 
thermal performance is the much smaller amount of actual metal- 
surface area employed in the tubular design. 

Comparisons under other conditions can readily be made by 
means of the equations presented here. 
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Correlation of Plastic Deformation During 
Metal Cutting With Tensile Properties 
of the Work Material 


By J. T. LAPSLEY, JR.,! R. C. GRASSI? anp E. G. THOMSEN,? BERKELEY, CALIF. 


An experimental correlation of plastic deformation oc- 
curring during metal cutting with the plastic deformation 
in tension of the work material; an analysis permitting 
comparison of these two states of strain is presented. 
Orthogonal cutting of seamless steel tubing was employed 
for feeds of 0.0025-0.0085 in. per revolution (ipr), and posi- 
tive rake angles of 25-45 deg. Deformation and forces of 
cutting were obtained from chip measurement and from 
a tool dynamometer employing resistance strain gages. 
The agreement obtained indicates that the tensile proper- 
ties of the work material may offer a useful index to metal- 
cutting performance. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


Fy = thrust force, Ib; measured in direction of motion 
of tool by tool dynamometer in orthogonal 
cutting 

Fe = cutting force, lb; measured perpendicular to di- 
rection of motion of tool by tool dynamometer 
in orthogonal cutting 

l, 1, = final and original length, respectively, in.; refers 
to chip length in metal cutting and gage length 
in tension testing 

D,, D = original and instantaneous diameter, respectively, 
of neck in a tension bar, in. 
a = rake angle, deg; measured in plane perpendicular 
to cutting edge 
¢ = shear angle, deg; angle between shear plane and 
surface being generated, measured in plane per- 
pendicular to cutting edge 

A, = area of shear plane, sq in. 

Te; = Mean shear stress on shear plane (in metal 
cutting) psi 

Yo: = Shearing strain of chip during removal in metal 
cutting 

&,, ,, &, = normal true stresses at a point in a deformed metal, 
measured parallel to three co-ordinate directions 
Z, Y, 2, respectively, psi 


Try Ty2) Tex = Shearing stresses on planes perpendicular to co- 
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ordinate axes of first subscript, and in direction 
of second subscripts, psi 
y & = finite plastic true strains associated with the nor- 
mal stresses G,, &,, &,, respectively 
shearing strains associated with shearing stresses 
Toys Tya) Tex respectively 


Vyn Vyz) Ver = 


Effective true stress = 


(6, au Gi)” AP (G, ary, Gaye ae GQ ey 
2 


(complex stress function, psi) 
Effective finite plastic strain = 


2 \" —4)?+@,—2P+(%&—z%) 
3 2 
W, = work done in cutting per unit volume of metal 
removed, in-lb/in. 
W, = work done in shearing per unit volume of metal 
removed, in-lb/in.’ 
loge = natural logarithm 


2 
+t 3 Co +t Tea a Tear) 


3 
=f A (Gar aT Vase ar Vacs) 


t, = initial thickness of chip, in. 
w, = initial chip width, in. 


INTRODUCTION 


Tool life, the time a tool remains serviceable under a given set 
of conditions, is probably the most important practical index of 
machinability. An appreciable amount of data is now available 
which can be expressed by the formula V7” = C, where V is cut- 
ting velocity in feet per minute, 7’ is tool life in minutes, n and C 
are constants depending on the cutting conditions, nature of work 
material, and other factors. While this relationship between 
velocity and tool life is quite general, the constants n and C hold 
only for specific conditions. For each new condition of metal 
cutting for which no information is available, time-consuming 
and costly experiments must be performed to find the numerical 
values of these constants. Consequently, a correlation of tool 
life with physical constants pertaining to the cutting condition, 
similar to the correlation of friction factor with Reynolds modulus 
in hydrodynamics, would be an important contribution. 

In order to establish a general functional relationship of tool 
life with physical constants of tool work, conditions in the cut- 
ting zone, such as temperature, abrasiveness of the work at this 
temperature, the mechanics of metal cutting, and the state of 
plastic deformation of the chip must be established. It is the pur- 
pose of this paper to discuss the mechanism of metal cutting and 
to correlate the state of plastic deformation of metal cutting 
with that of the tension test. 

In this investigation, orthogonal cutting of seamless steel 
tubing was used with values of feed from 0.0025 to 0.0085 in. per 
revolution (ipr) and positive back-rake angles on the cutting tool 
of 25 deg, 35 deg, 40 deg, and 45 deg. Cutting was done dry 
with a high-speed-steel tool at approximately 90 fpm. 
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EXPERIMENTAL TECHNIQUE 


Orthogonal cutting, in which a straight-edged cutting tool 
moved relative to the workpiece in a direction perpendicular to 
its cutting edge, was employed. The cutting conditions were 
such as to yield continuous chip formation without a built-up edge 
on the tool. This type of chip formation has been designated as a 
type-2 chip (1).4 

The force system for orthogonal cutting, developed by Mer- 
chant (2) is shown in Fig. 1. The resultant force R may be re- 
solved into components, the cutting force Fc, and the thrust force 


WORK PIECE 


Force System Actinc on Cuip During ORTHOGONAL CuT- 
TING 


Bre. 1 


F7, which were measured by the tool dynamometer employed. 
Resolution of the force R along the shear plane, designated by the 
shear angle ¢, results in /’s, the shearing force, and Fy, the force 
perpendicular to the shear plane. The force of friction is repre- 
sented by F, and the force component perpendicular to the tool 
face by N. The friction angle and back-rake angle are repre- 
sented by » and a, respectively. The lack of collinearity of R 
and R’ is not significant and has been so shown by others (2). 

On the basis of Merchant’s analysis, it has been shown that the 
work of cutting is 


where ¢, and w, are original chip thickness and width, respec- 
tively. 
The work of shear is obtained from the relationship 


W, = Trz¥rz OY (W, = S,e, according to Merchant). . [2] 


where y,, = cot @ + tan (¢ — a), and r,, is the shear stress on 
the plane designated by the angle ¢. 

The shear angle ¢, is determined from the chip geometry by the 
following expression providing the chip width remains constant 


l l 
hospi jeanne Lee) LS SORE [3] 


where J, and / are the initial and final chip lengths, respectively. 

Metal cutting was done by machining the end of a short section 
of 6-in-OD, 0.475-in wall thickness, seamless steel tubing. The 
tubing was in the “‘as-received” or unannealed condition. The 
cutting tool, of high-speed steel, was clamped in a special holder 
mounted on the compound rest of an engine lathe. The tool was 
set on center and fed perpendicularly to the end of the tube which 
was clamped in a four-jaw chuck. Cutting was done dry, at 
57 rpm, or approximately 90 fpm. This cutting speed was 
selected to obtain a moderate strain rate in the chip. 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The tool dynamometer had as its measuring elements SR4 
type A-5 electrical strain gages. The gages were mounted as 
shown in Fig. 2, with two active gages in adjacent legs of a con- 
ventional bridge circuit for each force determination. This ar- 
rangement increased sensitivity and also provided a means of 
eliminating temperature effects. Coolant was circulated through 


HOLES FOR COOLANT 


2 PAIR, SR-4 TYPE A5 STRAIN GAGES 
TOP-BOTTOM PAIR RESPOND TO F, 
LEFT-RIGHT PAIR RESPOND TO F, 


= 


FRONT CLEARANCE 6° 


Fic. 2 Scuematic Drawine or Toot DyNAMOMETER USED IN 
Measuring ORTHOGONAL CuTrinc-ForcE COMPONENTS, Fc AND Fr 


the tool shank so that heat generated during cutting did not 
produce a temperature differential between the strain gages. 
The stability of the gages was maintained by protection with 
wax, Ozite, and a metal shield. 

The calibration of the dynamometer utilized a 5000-lb proving 
ring. The calibration for the thrust force /7, was accomplished 
with the tool clamped in the holder used for cutting and mounted 
on the compound rest. Force was uniformly applied to the cut- 
ting edge through the proving ring by means of special adapters 
and manual carriage motion. The dynamometer calibration for 
the cutting force Fo, was performed with the tool mounted in its 
holder and clamped to the table of an upright drill press. The 
force was applied uniformly to the cutting edge (similar to Fz), 
by using manual spindle travel. 

The dynamometer was designed so that the measurement of 
one force was independent of the other. The calibrations proved 
that this design criterion had been achieved. Simultaneous re- 
cording of 7 and Fg was obtained by using strain recorders. The 
time of cutting varied with conditions and was dependent upon 
attaining equilibrium values of forces and a representative 
number of chips. Since the chip width remained constant, the 
relationships previously presented are applicable. The initial 
conditions of chip thickness, and length, ¢, and J,, were deter- 
mined from the feed and outside diameter of the tube, respec- 
tively. A reference point for measuring the final chip length, 
I, was established by cutting a shallow longitudinal slot in the 
outside surface of the tube. This measurement was facilitated 
by the fact that the chips did not curl during removal. 

Specimens for the tension test were cut from the tube wall so 
that their axes coincided with that of the tube. The gage section 
was 1!/,1n. long and 0.250 in. diam. 


EXPERIMENTAL REsuuts 


The experimental data of the metal-cutting tests are presented 
in Table 1 and are shown graphically in Figs. 3 to 6, inclusive. 
Although these data are not the primary objective of this investi- 
gation, they show some interesting trends which also establish 
their consistency. 

Figs. 3 and 4 indicate the effect of back rake and feed, respec- 
tively, on the tool forces. It may be noted that the change in 
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TABLE 1 TABULATED TEST DATA AND CALCULATED RESULTS; ORTHOGONAL END 
CUTTING OF SEAMLESS STEEL TUBING 


(Conditions: Dry cutting, 90 fpm, and constant chip ve ae 0228 in.) 
ork o! 
Work of cutting, pffective 


Back- Cutting Thrust shear, C Brain Effective 
rake Cutting force, force, Shear Shear Ws, 1000 1000 V3 i stress, 
angle, Feed, ratio, Fe, Fr angie,¢, strain in-lb/ in-lb/ 3 5 1000 psi, 
deg ipr \/lo lb lb deg = Yzz in.? in.? 3 3 rz 
25 0.0025 0.358 380 224 20.9 2.55 209 319 1.47 143 id 
0.0035 0.366 475 281 21.5 2.48 180 286 1.43 126 
0.005 0.407 643 357 24.0 2.23 169 270 1.29 131 
0.006 0.345 728 398 20.1 2.65 175 255 1.53 114 
0.0085 0.383 992 551 22.4 2.38 159 246 1.37 116 
35 0.0025 0.527 254 102 31.6 1.56 112 214 0.90 125 
0.0035 0.528 306 122 31.9 1.55 96.4 184 0.89 108 
0.005 0.529 433 166 82.0 1,55 96.5 182 0.89 108 
0.006 0.533 507 184 32.2 1.54 95.5 178 0.90 108 
0.0085 0.532 675 234 382.0 1.55 91.3 167 0.89 102 
40 0.0025 0.585 232 71 35.7 1.32 94.0 195 0.76 124 
0.0035 0.580 296 87 35.4 1.33 87.8 178 0.77 116 
0.005 0.611 412 112 37.5 1.26 83.1 173 0.73 114 
0.006 0.606 475 127 ee aloe, 81.1 167 0.73 111 
0.0085 0.606 634 153 S762 *V27 78.1 157 0.73 107 
45 0.0025 0.670 232 68 41.9 1.06 74.8 195 0.61 123 
0.0035 — 0.670 285 bike 41.9 1.06 68.5 172 0.61 112 
0.005 0.649 386 94 40.2 1.10 69.6 162 0.64 110 
0.006 0.642 443 102 39.6 1.01 62.7 156 0.58 107 
0.0085 0.646 581 117 39.9 1.11 65.0 144 0.64 102 
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feed results in a greater change in the cutting force than in the 
thrust force. Figs. 5 and 6 show the amount of work expended 
per unit volume of metal removed in cutting and in shear deforma- 
tion, respectively. Examination of these figures indicates that 
the work expended for rake angles 45 deg, 40 deg, and 35 deg is 
appreciably lower than that expended for the 25-deg back-rake 
angle. This behavior might be attributable to the presence of a 
nonobserved built-up edge. 


Discussion 


The metal of the chip during metal cutting is severely de- 
formed and, therefore, is in a highly work-hardened state. It is 
possible to compare this state of work-hardening with that ob- 
tained by any other deformation process by application of a 
theory of plasticity (3, 4), providing the states are calculable and 
the metal under consideration satisfies the assumptions made 
in the idealtheory. The assumptions are as follows: 


(a) The metal is isotropic. 

(b) The metal is homogeneous. 

(c) The stresses are linear functions of the infinitesimal plastic 
strains. 

(d) Temperature, deformation rate, and hydrostatic pressure 
do not affect the state of plastic deformation. 


While real metals do not behave ideally, it has been shown (5) 
that low-strength aluminum alloys, magnesium alloys, and mild 
steel satisfy the foregoing assumptions to a good degree of approxi- 
mation when equivalent states of work-hardening in tension, 
compression, and torsion are compared. The following section 
will be devoted to the development necessary for correlation 
between the plastic state in a chip and in a tension bar by ap- 
plication of this theory of plasticity. 

If the previously stated assumptions are satisfied, it can be 
shown that equivalent states of work-hardening can be repre- 
sented on an effective stress-effective plastic strain curve. Two 
complex stress and strain functions utilized in the correlation are 
Effective stress = 


Effective plastic strain = 


GaHayr sal CH =e ils fa). 
2 


The work of plastic deformation for any particular state of de- 
formation is given by the area under the curve from zero strain 
to the value under consideration. 

While the stress or strain path employed does not affect the 
validity of the universality of the effective stress-effective plastic 
strain curve, it is only possible to determine the plastic state in a 
few simple cases. The infinitesimal plastic strains, from which 
the finite strains under the radical of the effective strain are con- 
structed, are not perfect differentials. The finite strains are, 
therefore, path dependent and can be obtained by integration only 
if the stress or strain path is known. In the present investiga- 
tion it is assumed that the stress ratios remain constant during 
the entire deformation, thus permitting the evaluation of the 
finite strains in terms of quantities measurable before and after 
the deformation. With this additional assumption, it is possible 
to calculate the plastic states for tension and metal cutting. 

The Tension Test. Let the z-co-ordinate axis be coincident 
with the axis of the test bar. Therefore, &,, is the true stress 
resulting from the applied axial load 


2 Axial load 
Instantaneous area 


5, 5 Oe? ap cyore aR yen) 
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Since &, is the only stress, the effective stress reduces to 
Effective stress (in tension) = G,........... (7] 


The finite plastic strain ~, in the axial direction can be deter- 
mined from measurements of the original gage length and the 
length at any stage of the deformation up to the maximum load 


where J, and / are initial and final gage length, respectively. 

After the maximum load has been exceeded, the specimen necks 
and the deformation ceases to be uniform over the gage length. 
The axial strain, however, can be obtained from measurements of 
the minimum diameter in the neck for constant volume deforma- 
tion 


where D, and D are initial and instantaneous diameter, respec- 
tively, at any stage of deformation. 

By use of the constant-volume relationship, the effective plas- 
tic strain can be evaluated in terms of the normal strains 


Se OM oh ee RTS A Bir: [10] 
but 
MA 
therefore 
it 
—_ = —— = 5 Ie WA heist Be o cs [11] 


Substituting these values of strain into Equation [5] results in 


Effective plastic strain (tension) = 


is identical with the true stress-true plastic strain curve in tension. 

When necking occurs, the stress ceases to be uniform as has been 
shown by Bridgman (6). In general, however, the error intro- 
duced by assuming a constant stress across the section is not sig- 
nificant. 

Metal Cutting. Merchant (7) has shown that it is possible to 
obtain an analysis of the metal-cutting process by assuming that 
the deformation is simple shear. The shearing process is visual- 
ized to take place on a plane making an angle ¢ with the original 
work surface, as shown in Fig. 1. The slight curvature of the 
shear plane observed from photomicrographs has been neglected 
in the analysis. The deformation stress r,, on this plane is ob- 
tainable from the measured tool forces, while the shearing strain 
Yzxz18 calculable from chip-deformation measurements 


Fo sin ¢ cos ¢ — Fp sin? 
Tage = Pe ale [13] 


Ye. = cot > + tan (¢ —— a) Sis imis cee: sumte ean {14] 


where ¢, and w, are the initial thickness and width of chip, respec- 
tively. 
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In addition to the shearing stress, a normal stress @, acts on the 
shear plane 


Fo sin? ¢ + Fr sin ¢ cos 
6, = SSP O88. Bt a ci) on {15] 
t,W, 
Since the analysis is based only on the shear strain, the effective 
strain reduces to 
° 


V3 


Effective strain (metal cutting) = ~g Yes) Yaa 


SY ax [16] 


However, a further assumption must be made in order to calcu- 
late the effective stress. Since 7,, is the only shear stress acting, 
Tyz = Tzy = 0. Of the normal stresses, only G; is known; it is 
therefore necessary to assign values to G, and G,. While values 
cannot be fixed, a priori, it is reasonable to assume that the state 
of stress is that of hydrostatic pressure on the shear plane. Under 
this condition, the three normal stresses are equal and are elimi- 


nated from the effective-stress expression, Equation [4]. The 
effective stress, therefore, reduces to b 
Effective stress (metal cutting) = Vv 3 Tze) Te = Taz LT] 


Correlation Between Tension and Metal Cutting. Fig. 7 shows 
the calculated metal-cutting data and the stress-strain curve ob- 
tained from tension tests for the same material. The solid line 
represents the experimental data from tension tests which were 
extrapolated to higher values of strains than those achievable in 
tension, as shown by the dashed portion of the curve. Such 
extrapolation is not unreasonable; for example, higher strains 
may be obtained in torsion. It is evident that there is good 
agreement between the tension data and the metal-cutting data. 

The fact that the effective stress values for a given rake-angle 
group about a particular strain value indicates that factors not 
taken into account are active. Merchant (7) proposes that the 
normal stress on the shear plane (a condition of hydrostatic pres- 
sure in the present analysis) influences the shear stress. While 
this may be an important factor, it is not clearly proved to be 
the only factor, as the experimental data, reported by Merchant, 
show scatter when the normal stress is considered. Further in- 
vestigation is necessary to establish which assumptions are not 
valid and what other variables must be considered. 

Fig. 8 shows a comparison of the work of deformation per unit 
volume of metal removed as calculated from the shear work of 
metal cutting and from the tension test. The deformation work 
based upon tension was obtained by evaluating areas under the 
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effective stress-effective plastic strain curve, presented in Fig. 7. 
An empirical equation was determined for this curve 


Effective stress = 110 X 103 (effective plastic strain )-42,. . [18] 
Work of deformation for given shear-strain values was deter- 
mined by integration of the equation between limits of zero strain 
and the corresponding effective plastic-strain value. 

From the comparison it is seen that the work of deformation, 
as determined from the metal-cutting analysis, exceeds the de- 
formation work based upon the tension test for all cutting condi- 
tions employed in this investigation. It is felt that the present 
information is insufficient for an adequate explanation of this 
anomaly and that further investigation should be made. 


CONCLUSIONS 


1 The results of the investigation have shown that metal- 
cutting data can be correlated with tension data for orthogonal 
cutting and the test conditions employed. 

2 The tension properties of a material may offer a useful index 
of cutting performance. 

3 The work done by shear deformation, calculated from 
metal-cutting data, results in larger values than that determ ned 
from the tension test for equivalent states of deformation. 

4 Further application of the plasticity theory should yield 
information which could give a more basic understanding of 
metal cutting. 
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Discussion 


M. Eveene Mercuant.® The authors have contributed some 
much-needed information by carrying out cutting tests and 
tensile tests on the same material, and then comparing the me- 
chanical properties of the material as calculated from the data 
obtained on the two types of tests. They are to be congratu- 
lated on the manner in which they have carried through the test 

’ work and analysis; such information serves to clarify further 
the fundamentals of the cutting process and their relation to the 
mechanical properties of the metal being machined. 

The mathematical analysis which the authors have used to 
compare the metal-cutting results with those from the tensile tests 
provides good correlation between the two sets of data. How- 
ever, this mathematical analysis is based on certain assumptions 
which are questionable when applied to the metal-cutting proc- 
ess. Therefore it appears somewhat fortuitous that such good 
agreement was obtained. In particular, the main basis for the 
mathematical theory used to compare the two sets of data is that 
states of work-hardening occur in the plastic deformation taking 
place on the shear plane in metal-cutting which are equivalent to 
those obtained in a normal tensile test. The fallacy here is 
brought out by Drucker,® who points out that in the process of 
metal cutting virtually no work-hardening of the metal occurs 
on the shear plane because of the extremely high strain rates 
involved in the cutting process. (The ‘‘work-hardening”’ actu- 
ally observed in hardness measurements on chips virtually all 
occurs after deformation on the shear plane is complete, since 
work-hardening is a “‘rate-process,” like a chemical reaction!) 

In the tensile test, of course, work-hardening does occur, since 
the rate of strain is quite low. Further, the very fact that an 
extremely high strain rate is involved in the cutting process, 
compared to the very low strain rates involved in tensile tests, 
will have a marked effect on the actual shear strength of the 
metal in the two cases; shear strength is known to increase with 
increasing strain rate. Therefore, in the two types of deforma- 
tion in actuality there can be no comparable states of work- 
hardening, and so the basic premise of the authors’ theory is 
not met. 

Nevertheless, it appears from the test results reported by the 
authors (as well as from data obtained in the writer’s laboratory, 
as will be shown shortly) that reasonable agreement can be ob- 
tained between mechanical properties observed from cutting 
tests and those observed from low-strain-rate tests. The reason 
for this fortunate result is not immediately evident; i% appears, 
however, that the complicating factors involved tend to balance 
each other. Presumably, the “weakening” effects of the absence 
of work-hardening and the local heating on the shear plane in 
cutting offset the ‘‘strengthening” effect of the very high strain 
rate reasonably well. The net result apparently makes the stress 
values obtained from the two types of tests very nearly equal, 
for the range of strains and strain rates usually found in machin- 
ing. 

Another factor which the authors have (admittedly) neglected 
in making the comparison between the tensile-test data and those 
from metal-cutting is the effect of compressive stress (or hydro- 
static pressure) on the actual values of shear strength calculated 
from metal-cutting data. 

As pointed out previously by the writer,” the shear strength of 
the metal on the shear plane in metal cutting is raised by the 
presence of a high value of compressive stress acting on that 


5 Senior Research Physicist, The Cincinnati 
Company, Cincinnati, Ohio. Mem. ASME. 

6“An Analysis of the Mechanics of Metal Cutting,” by D. C. 
Drucker, Journal of Applied Physics, vol. 20, 1949, pp. 1013-1021. 

7 Refer to authors’ bibliography (7). 
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plane. No such compressive stress acts on the slip processes oc- 
curring in the tensile tests. (In fact, the reverse is true.) There- 
fore the values of shear strength calculated from the authors’ 
metal-cutting data ought, in all fairness, to be corrected to a value 
of zero compressive stress (at least), if they are to be compared 
with strength values from the tensile tests. This can be done, 
approximately, for the data presented by the authors, by extra- 
polating the shear-strength versus compressive;stress data back 
to zero compressive stress, making use of metal-cutting theory. 
When this is done, it is found that the calculated shear strength 
(7,,) for the steel used by the authors is approximately 60,000 psi 
(this value is independent of strain since no work-hardening occurs 
in the metal-cutting process, as previously mentioned). Thus 
the effective stress value (V3r,,) is approximately 100,000 psi. 
This value is still in reasonable agreement with the authors’ 
tensile-test data. 

Actually, to be wholly fair, the tensile-test data ought also to 
be corrected to a value of zero hydrostatic pressure, which would 
increase the effective stress values somewhat. No effort has 
been made to do this, however, since the effect probably would 
be slight, and no provision for such correction has been made 
in the theory of plastic deformation used by the authors in ana- 
lyzing the tensile tests. 

Comparisons between metal-cutting data and data obtained 
from low strain-rate tests of mechanical properties, somewhat 
similar to the comparison reported by the authors, have been 
carried out in the writer’s laboratory®® recently. However, 
these low-strain-rate tests were made by quite a different method 
from the tensile tests employed by the authors; a method devel- 
oped by Bridgman” was used wherein notched tubular specimens 
are tested in torsion while subjected to an axial compressive 
force. Here again, surprisingly good correlation between the 
metal-cutting data and those obtained from this torsion-compres- 
sion type of test was obtained, even though the strain rates and 
corresponding work-hardening states were very different. A 
comparison of the values of shear strength calculated from the 
two types of tests at comparable values of compressive stress and 
shearing strain are given in Table 2 of this discussion. It may 
be seen that the shear-strength values calculated from the two 
types of tests agree surprisingly well, considering the great dif- 


TABLE 2 COMPARISON OF SHEAR-STRENGTH VALUES OB- 

SERVED FROM TORSION-COMPRESSION-TYPE TESTS WITH 

THOSE OBSERVED FROM METAL-CUTTING TESTS, AT EQUIVA- 
LENT VALUES OF COMPRESSIVE STRESS 


(Shearing strain = 2.4 — 3.0) 

-—-Observed values of— 
shear strength, 1000 psi 
Torsion- Metal- 


Value of com- 
pressive stress 


at which com- compression cutting 
Steel pared, 1000 psi test test 
SAB LAUT ert ates te ore 60 63 67 
SAE 3150 (spheroidized)....... 110 81 89 
SAE 3150 (pearlitic)........... 110 88 86 
SAH 34501. 5 Mora clstenvonm vrei oreo 110 93 88 


ferences that exist between the conditions of deformation in the 
two cases. 

In metal cutting three mechanical properties of the material 
being machined control the forces acting on the cutting tool.? 
These are as follows: 


1 Shear strength of the material. 

2 Machining constant of the material (a property of the ma- 
terial, the value of which, in theory, depends upon the rate of 
increase of shear strength with applied compressive stress). 


8 “Torsion-Compression Testing,” by J. Kemeny, University of 
Cincinnati Thesis, 1947. 

9 **Torsion-Compression Testing,” by E. J. Krabacher and K. W. 
Whisler, University of Cincinnati Thesis, 1949. 

10 “On Torsion Combined With Compression,’’ by P. W. Bridgman, 
Journal of Applied Physics, vol. 14, 1948, pp. 273-283. 
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3 The coefficient of friction between the cutting tool and the 
flowing chip. 


Of these three quantities needed to predict cutting forces in 
machining, only the first can be obtained from a tensile test by 
the methods used by the authors. The torsion-compression type 
of test mentioned has the advantage not only of giving values of 
shear strength, but also of providing theoretical values of ma- 
chining constant; the increase in (torsional) shear strength as 
increasing axial compressive force is applied to the tubular test 
specimen can be observed in this type of test. Again, reasona- 
bly good correlation with metal-cutting data is obtained, as 
shown by the values of machining constant given in Table 3 
herewith. Here the agreement is not as good as for the shear 
strength values (Table 2), but still serve well enough for a first 
approximation. 


TABLE 3 Sy SOE es fon VALUES OF MACHINING CONSTANT 

OBSERVE ROM TORSION-COMPRESSION TYPE TESTS WITH 

THOSE OBSERVED FROM METAL-CUTTING-TESTS, AT EQUIVA- 
ENT VALUES OF SHEARING STRAIN’ 


—Observed values of ma-\ 
chining constant, degrees 


Value of shear- Torsion- Metal- 

ing strain at compression cutting 
Steel which compared test test 
POPE Mier sroratuyaate oa, sep shies Sein 8 2.15 85.0 77.0 
SAE 3150 (spheroidized) 3.11 84.5 76.0 
SAE 3150 (pearlitic) 3.15 74.0 70.8 
BAB 3450 [SOS UN A 2.96 83.0 77.9 


In conclusion, we again wish to congratulate the authors for 
their fine beginning on the exploration of fundamentals in metal 
cutting. It is pleasing to note from the concluding paragraph 
of the paper that the present work does, in truth, mark only a 
beginning and that we may look forward to further interesting 
reports in this field from the authors. 


Mitton C. SHaw.!! The authors have presented a most 
interesting discussion of the application of the distortion-energy 
theorem of plasticity to the cutting of metals. This idea of con- 
sidering the states of stress in two bodies as equivalent when the 
same energy of distortion is associated with each is another of 
the many contributions of James Clerk Maxwell (1856).!2_ The 
distortion-energy theorem represents the plasticity condition 
that has been most successful to date in relating the flow char- 
acteristics of two homogeneous bodies of different geometry and 
stress distribution. This method is one way of introducing the 
effect of strain-hardening into the theory of cutting. 

The authors have listed carefully the assumptions upon which 
the distortion-energy theorem is based. These might be con- 
sidered briefly in light of the experimental results. Despite the 
fact that all metals are far from homogeneous, the size or mean 
period of the inhomogeneity is generally very small compared 
with the size of the body undergoing plastic flow, and good re- 
sults are obtained by treating the material as a homogeneous 
continuum. However, when the specimen is small, the fact that 
the material is actually inhomogeneous becomes more important. 
For example, the distortion-energy theorem indicates that all 
tensile-test specimens made from a given material should have 
the same ultimate stress regardless of diameter of the specimen. 
This is not the case however, for it is found that as the diameter 
is decreased below a particular diameter, the ultimate stress in- 
creases. This size effect is to be expected whenever strain 
hardening occurs in an inhomogeneous material. 


11 Associate Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Mem. ASME. 

12 Letter by Maxwell to William Thomson dated Dec. 18, 1856, 
published in Proceedings of Cambridge Philosophical Society, Part 
V, vol. 32. 
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In the cutting process, the depth of cut corresponds to the 
diameter of the tensile-test specimen, and it is apparent that in 
cutting we are generally dealing with small specimens. It is not 
surprising, therefore, that the authors’ test points fall above the 
tensile-test data for the 1/,-in-diam specimen in Fig. 7 of the 
paper, and further that the cutting-data points lie an increasing 
distance above the tensile curve as the chip size decreases. 

The writer recently has completed work on a theory of cutting 
which takes strain-hardening and the inhomogeneity of the metal 
cut into consideration. This analysis, which will be published 
elsewhere, is in good agreement with the authors’ data and shows 
quantitatively that the shear work to remove a cubic inch of 
material increases as the depth of cut decreases, as may be seen in 
Table 1, Fig. 8, of the paper. It might be remarked at this point 
that the reason for the increase in specific shear work with rake 
angle (for a given depth of cut), as shown in Fig. 8, is due to the 
increase in the shear strain arising in the cutting process as the 
depth of cut is decreased. 

The assumption regarding the unimportance of temperature 
and the rate of strain in application of the distortion-energy 
theorem might also be considered. The true stress-strain curve is 
usually obtained under essentially static conditions, while the 
cutting process, on the other hand, involves a very high rate of 
strain. From photomicrographs it is evident that nearly all of 
the large strain that occurs in cutting takes place as the metal 
crosses the ‘‘shear plane.” If this were truly a mathematical 
plane, we would have, in the cutting process, strain at an infinite 
rate. Actually, we may say the rate of strain in cutting is very 
high. 

Since nearly all of the energy associated with the plastic- 
straining of metals appears in the form of heat, it is evident that 
a significant temperature rise is to be expected in the essentially 
adiabatic straining process of cutting, while a relatively small tem- 
perature rise is to be expected on the shear plane in the nearly iso- 
thermal-straining process of the ordinary true stress-strain test. 
The temperature on the shear plane is apt to be far more signifi- 
cant in the cutting process than in other processes to which the 
distortion-energy theorem is applied. Thus it is evident that 
the extreme conditions of size and rate of strain that are met in 
the cutting process provide a serious test of the assumed inde- 
pendence of strain mechanism and the temperature effect in 
Maxwell’s distortion-energy theorem. 

The authors have assumed the normal stress on the shear 
plane to be a manifestation of the presence of a hydrostatic pres- 
sure. This leads naturally to the result that the state of stress in 
cutting is independent of the normal stress on the shear plane, 
which, however, is in disagreement with Merchant’s theory of 
cutting. The fact that the authors’ analysis is in such good 
agreement with experiment (except for the afore-mentioned size 
effect) indicates strain-hardening and not the influence of normal 
stress on the shear plane to be the important item. It is there- 
fore enlightening to examine the authors’ data according to 
Merchant’s analysis.” 

In Fig. 9, herewith, the authors’ data are shown plotted with 
normal stress against shear stress. According to Merchant, all 
of these points should be along a single straight line. Therefore 
we might choose either of the lines shown. According to Mer- 
chant’s plasticity condition, when the observed shear angle ¢ is 
plotted against the quantity (r — a), where r is the friction angle, 
and a the rake angle, a straight line should be obtained whose 


equation is 
Gg Cr a) Ott Kia. ne se LLL 


where K is the slope of the line in Fig. 9. 
The authors’ data points are shown as circles in Fig. 10 of this 
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discussion, while the two lines corresponding to those of Fig. 9 
are shown solid and dotted. The dash line corresponds to a value 
of K of zero (i.e., the case corresponding to the authors’ finding that 
shear strength is independent of normal stress on the shear plane). 
Most of the authors’ data are seen to be in better agreement with 
the dash line corresponding to K = 0. Only those points cor- 
responding to a rake angle of 25 deg are in agreement with the 
solid curve, and there is apparently no justification for the dotted 
curves in Figs. 9 and 10. 

Actually, it would appear that the test points lie along or some- 
what below the dash line in Fig. 10, the distance below the line 
increasing as the rake angle decreases. The increase in tempera- 
ture on the shear plane which accompanies strain has not been 
included in the analysis leading to the upper line in Fig. 10, but 
if included would move the line vertically downward an increas- 
ing amount as the shear energy increased. This could account for 
the fact that points fall progressively farther below the upper 
line in Fig. 10, as the rake angle is increased, for as previously 
mentioned, the amount of strain, and hence the shear work re- 
quired to remove a cubic inch of metal, also increases as the 
rake angle is decreased. It would thus appear that the authors’ 
data are in full support of the view that strain-hardening is an 
important consideration in the metal-cutting process, and further 
that the influence of normal stress on the shear plane is relatively 
insignificant. 


AUTHORS’ CLOSURE 


The authors are appreciative of the discussions submitted by 
Dr. Merchant and Professor Shaw. It is gratifying to note their 
interest in the paper as evidenced by the comments. However, 
there exist some areas of disagreement which we believe will be 
resolved only by further experimental investigations. 

Merchant’s comments hinge essentially upon two considera- 
tions, (1) absence of work-hardening effect during metal cutting 
as postulated by Drucker and (2) the effect of compression upon 
shear strength as reported by Bridgman. The large variation 
in strain rates is the basis for Merchant’s comment that the 
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two states of work-hardening (metal cutting and tension test) are 
not comparable. The authors’ simplifying assumption (d) re- 
garding strain rate should be modified if and when experimental 
data establish the order of importance of strain rate. However, 
in the absence of such experimental data, the authors cannot 
agree with the comment of Merchant based upon Drucker’s 
theoretical analysis that work-hardening does not occur during 
metal cutting because of the relatively high strain rates involved. 

The effect of normal stress on the shear strength or flow stress, 
referred to by Merchant, has been neglected by the authors be- 
cause this effect has not been clearly demonstrated. .The results 
of Bridgman cited in Merchant’s paper (Bibliography 7) did not 
demonstrate clearly that the effect holds for all metals. In fact, 
Bridgman concludes that the shear stress at a definite strain 
value of unity increases with normal stress only for drill rod, but 
for SAE 1045 carbon steel the variation was within the order of 
experimental accuracy. If subsequent experimental work shows 
the normal stress factor to be appreciable, it can be incorporated 
in the plasticity analysis. 

The authors agree in general with comments made by Shaw. 
The assumptions stated in the paper, such as homogeneity and 
isotropy of the work material, are simplifying assumptions only 
and should not be considered as hard and fast rules. Refine- 
ments can be applied to the plasticity theory, based on Max- 
well’s original hypothesis and restated by others in several ways, 
as certain effects not incorporated in this theory are isolated. 

The authors have also applied Merchant’s criteria for metal 
cutting as shown in the graphs of Figs. 9 and 10. In view of the 
hypothesis, however, that the effect of work-hardening in metal 
cutting is important, they have felt that insufficient data were 
available to isolate this effect, inasmuch as comparisons ought 
only to be made at equivalent states of work-hardening. 

In conclusion, the authors wish to thank the discussers for their 
interest and to state that the approach presented in their paper 
should be regarded as a basis for further investigation. Addi- 
tional experimental work, now in progress, indicates that the 
analysis correlates also for materials other than that reported. 


Improved Nails 


Their Driving Resistance, Withdrawal Resistance, 
and Lateral Load-Carrying Capacity 


By E. GEORGE STERN,! BLACKSBURG, VA. 


Approximately 3600 tests were performed on the driving 
resistance, withdrawal resistance, lateral load-carrying 
capacity, withdrawal, and deformation of 2, 2!/2, 3, 31/2, 
and 4-in-long plain-shank, spirally grooved, and annularly 
grooved nails in southern yellow pine, white oak, and 
beech, in order to make available comparative test and 
design information on these nails. Data on nail proper- 
ties, as influenced by nail type, size, point, shank pilot, 
steel composition, heat-treatment, cement coating, wood 
species, wood density, and annual rings of the wood are 
presented to help in determining the type of nail most 
suitable for specific applications. At a later date a report 
will be issued on the effects of change in moisture content 
and elapsed time after driving, on the foregoing test 
variables, since these factors could not be investigated 
until after the test planks had been air-seasoned. Sucha 
study was made possible because all nails for tests on with- 
drawal resistance and lateral load-carrying capacity were 
driven at that time of test performance when oak and 
beech were green and pine was partially air-dry. 


INTRODUCTION 


IRECTLY or indirectly, nails are in everyday use by al- 
most everyone. Without being in the limelight or con- 
spicuous, they are essential to human comfort and liv- 

ing, since they are of fundamental importance in most wood 
products. Little is known about the behavior of nails once driven 
into wood. Experience governs their use. If one nail does not 
perform the job, a second one is used. Ifa large nail splits a piece 
of wood, one or two small ones are used instead. So many peo- 
ple want to know how to use nails properly, but few have the op- 
portunity to collect enough experience to have the necessary 
know-how. To complicate matters, the number of types and 
sizes of nails in production and use is great. The round, trian- 
gular and square-shank nails are made as plain-shank, barbed, 
coated, twisted, spirally grooved, annularly grooved, nontem- 
pered or tempered nails with low or high-carbon steel, stainless 
steel, aluminum, copper, brass, bronze, silicon bronze, or other al- 
loys; with short, medium, and long diamond, needle, chisel, duck- 
bill, side or V-points; with standard, medium or large flat, 
countersunk, round, oval, brad or duplex heads. They are mer- 
chandised as common nails, finishing nails, fiberboard nails, 
plasterboard nails, wallboard nails, sheetrock nails, cork-insula- 
tion nails, lath nails, siding nails, sheeting nails, shingle nails, 
roofing nails, shade nails, concrete nails, flooring brads, pallet 
nails, box nails, case nails, basket nails, barrel nails, boat nails, 
wagon nails, car nails, foundry nails, fence nails, sign nails, hinge 
nails, clout nails, sinkers, corkers, coolers, etc. 


1 Research Professor, Department of Wood Construction, Virginia 
Polytechnic Institute. Mem. ASME. 

Contributed by the Wood Industries Division and presented at the 
Annual Meeting, New York, N. Y., November 27—-December 2, 
1949, of Tur AMERICAN Socipry OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-115. 


In a recent U.S. Government publication (1),? sound and effi- 
cient nailing practices in home construction are suggested. These 
recommendations, although backed up by U.S. Forest Products 
Laboratory test data, are principally based on observed nailing 
practices, usually a matter of precedent, tradition, or indivi- 
dual judgment, however, as a rule, not fully taking into account 
the forces to be resisted. The use of plain-shank nails is recom- 
mended, presumably because of the unavailability of satisfactory 
design and test data on and field experience with relatively new 
nails with spirally or annularly grooved shanks, as shown in Fig. 
1. Similarly, because test and design data on such improved 


AND ANNULARLY 


GROOVED, 
GRoovVED 3!/:-In-Lone NaILs 


Ihicemral PLAIN-SHANK, SPIRALLY 


nails never have been available to the designing timber engineer, 
use of such improved nails for joints of timber structures has not 
been in the news, although such nails may have been occasionally 
used for such purposes. In contrast, the design of marine struc- 
tures by naval architects with such spirally and annularly grooved 
nails has resulted in their widespread use in boat and ship con- 
struction. Automobile manufacturers have long taken advan- 
tage of these improved nails for fastening car linings to the body. 
Box and furniture manufacturers often have been in the position 


2 Number in parentheses refer to the Bibliography at the end of the 
paper. 
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to use these nails to great advantage, in many instances even in 
place of wood screws. Since 1939 these improved nails have 
found preferential acceptance for the construction of wooden 
pallets and were approved in recent recommendations by The 
National Wooden Pallet Manufacturers Association and Naval 
Specifications. 

Annularly grooved brass, bronze, and stainless-steel nails have 
been used in carload quantities for butt-nailing asbestos side-wall 
shingles since early 1935. Lately the wood- and asphalt-shingle 
contractors have become convinced promoters of the use of 
grooved nails. Simultaneously, the building industry has become 
aware of the advantages of these nails for laying floors, fastening 
of insulation, nailing of siding and millwork. The extended use 
of these nails for application of metal roofing and building sheets 
has long been justified by their performance as convincingly ex- 
hibited in a recent treatise (2). 

A considerable amount of technical] information has been made 
available on plain-shank, barbed, and cement-coated nails. 
Before preliminary test and design data on spirally and annularly 
grooved nails had been published (3), first, cement-coated nails 
(4) and, later, chemically etched nails (5, 6) had been recom- 
mended for superior withdrawal resistance immediately after 
driving. These recommendations had been made despite the fact 
that these latter types of nails lose some of their holding capacity 
with time, and change in moisture content of the wood (5, 6). 

For proper application of the improved spirally and annularly 
grooved nails, the necessity arose to obtain test data from which 
design data could be secured, in line with the generally established 
trend from empirical to theoretical design of wood structures. 
Effectiveness and proper use of nails depend upon the following: 


1 The driving resistance offered, as determined by the energy 
required to hammer the nail into wood. 

2 The holding capacity, as observed by the withdrawal re- 
sistance of the nail from wood. 

3 The lateral load-carrying capacity, as found by the resist- 
ance of the nail to lateral forces transmitted through the nail to 
wood. 

4 The nonsplitting properties, as shown by the resistance to 
splitting of wood during and after driving of the nail. 


These properties are influenced significantly by (a) such nail- 
production variables as may be specified for material, design, 
manufacture, and treatment, and (6) such application variables 
as method of loading, wood species and density, member size and 
grain direction, moisture content and change in moisture content, 
time interval between driving and loading, preboring of under- 
sized holes, clinching, and redriving. 

This paper cannot present the answer to all nail problems. Its 
general purpose is to indicate the trends in the field of nailing, to 
show the special advantages of spirally and annularly grooved 
nails, and to give proof as to what can be accomplished by re- 
search and development work in the field of nailing. Its specific 
purpose is to determine proper design data for the tested spirally 
and annularly grooved nails, so they may be used to best advan- 
tage in wood structures and important wood assemblies. 

The test program included evaluation of type of nail (plain- 
shank, spirally grooved Screwtite with a 60-deg slope of thread, 
and annularly grooved Stronghold with 0.060-in. spacing from 


3 The nails selected for test purposes are general-purpose nails of 
standard design and conform to standard manufacturing procedure of 
the producer. Variations from these standards, to satisfy specific 
requirements, are numerous. Thus the test data obtained in this 
study may not be directly applied to other nails than those tested, 
although they are representative spirally and annularly grooved 
types of nails. Thus the presented data are only directly applicable 
to the spirally grooved ‘‘Screwtite”’ and annularly grooved ‘‘Strong- 
hold’’ nails manufactured by the Independent Nail & Packing Com- 
pany, Bridgewater, Mass. 
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center to center of grooves), size of nail (length and diameter), 
type of steel (low-carbon and high-carbon), treatment of nail 
(nonhardened and hardened), surface coating (noncoated and 
cement-coated), type of nail point (diamond and V), and use of 
pilot. 

Southern yellow pine, white oak, and beech were selected for 
test purposes as representative for the softwood, open-porous 
hardwood, and closed-porous hardwood species, respectively. 
The test planks consisted of select, partially air-dried (20 per cent 
moisture content), clear, straight-grain, dressed-four-sides, struc- 
trual 3 X 8-in. and 4 X 8-in. shortleaf pine from Virginia, similar 
green (46 per cent moisture content) white oak from Virginia, and 
similar green (45 per cent moisture content) beech from Indiana. 

Replicate (duplicate quintuplicate) tests on each test variable 
were performed with different planks. The nails were spaced per- 
pendicularly to the grain 11/, in. apart, while nail spacing par- 
allel with the grain was 1!/.in. In order to facilitate comparative 
testing with green and dry wood, the testing and matching sched- 
ules were prepared in such a way that adjacent locations in the 
fiber direction of the planks were used for testing with the green 
and, at a later date, with the dry wood. Nails for tests on with- 
drawal resistance and lateral load-carrying capacity were driven 
to 2/3 shank penetration immediately before testing, in order to 
eliminate any time effect on the test data. Upon completion of 
these tests, the second series of nails was hammered into the re- 
spective adjacent locations for performance of tests upon air-dry- 
ing of the planks to uniform equilibrium moisture content. 

For tests on the driving resistance of nails, a 1000-in-lb-capac- 
ity nail driver was employed to drive nails with uniform centric 
impact force into wood, in order to obtain comparative data on 
the depth of nail-shank penetration as a result of application of a 
single impact stroke. 

For all tests on withdrawal resistance and lateral load-carrying 
capacity, an Olsen universal testing machine with 1400 and 
12,000-lb-capacity poises was provided with special jigs shown 
in Figs. 3 and 4. 

A universal joint ascertained uniform and centric load appli- 
cation in the direction of the nail axis, provided the nail was 
driven perpendicular to the plane of the plank. Uniform rate of 
pulling was attained for all tests on the ultimate withdrawal 
resistance by the constant motion of the movable crosshead of 
the testing machine at 0.060 ipm. A test speed of 0.015 ipm 
was used for the performance of withdrawal tests for which 
load-deformation data were recorded. 

Tests on the lateral load-carrying capacity of nails were per- 
formed by loading the projecting part of the nail shank with a free- 
turning, tight-fitting steel jig placed snugly between nail head and 
plank. The uniform rate of testing of 0.060 ipm for tests on the 
ultimate load-carrying capacity was reduced to 0.048 ipm for 
those tests for which load-deformation data were obtained. 


Test Resuits 


Nail Withdrawal Under Azial-Load Application. The relation- 
ship between withdrawal resistance in pounds and withdrawal in 
inches was determined experimentally in a separate test series for 
21/2-in-long, 0.135-in-diam plain-shank, spirally grooved, and an- 
nularly grooved nails, as shown in Fig. 5. They penetrated for 
two thirds of their shank length into 3 X 8-in. southern yellow 
pine with a 13.9 per cent average moisture content, 0.57 specific 
gravity, 14 annual rings per inch, and 30 per cent summerwood. 

The observed “slopes” for the three types of nails are similar, 
that is, 25,000, 26,800, and 22,400 Ib/in., respectively. Thus the 
nails have a similar rigidity in withdrawal, hence cause a similar 
stiffness of nailed joints within the design range. ; 

As soon as the shank friction of the plain-shank nail was ex- 
ceeded, that is, upon a withdrawal of !/so in. at a load of 420 lb, 


————— 
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the nail pulled for a small amount. This resulted in a decrease in 


applied load under the testing procedure employed. By continu- 
ing the test, the applied load could again be increased, however, 
only to a slightly smaller maximum, since the original friction and 
friction area between shank and wood were decreased by the ini- 
tial failure. Further test continuation resulted in successive slip- 
ping whereby the holding capacity decreased step by step at a 
constant rate, until the test was discontinued at a withdrawal of 
approximately #/;5 in. 

The spirally grooved nail showed an “initial ultimate load” at 
a withdrawal of approximately 1/.5 in., if initial ultimate load is 
defined as the minimum load at which deformation begins to in- 
crease considerably with no appreciable increase in load at the 
constant rate of withdrawal. When the nail was allowed to turn 
during continuation of the test, the withdrawal resistance of the 
nail was increased, since a firmer grip between wood fibers and 
threaded nail. shank was attained. At a withdrawal of 14/32 in., a 
25 per cent increase in load beyond the initial ultimate load of 475 
lb was observed. When the nail head was prevented from turn- 
ing, the low-carbon-steel shank of the nail countertwisted near 
the surface of the plank, as shown in Fig. 2 (left), since during 
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withdrawal the further inserted part of the shank was forced by 
the wood fibers to thread itself out of the wood. The resistance 
offered by the wood fibers to withdrawal under this testing pro- 
cedure resulted in a 33 per cent increase in withdrawal resistance 
beyond the initial ultimate load of 535 lb. 

The annularly grooved nail attained its ultimate withdrawal 
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load of approximately 700 Ib at a withdrawal of 1/j.in. Beyond 
this peak load, its withdrawal resistance continuously decreased 
with increase in withdrawal. At a withdrawal of approximately 
1/; in., the holding capacity of this nail approximated that of the 
plain-shank nail. Withdrawal of such a magnitude is seldom al- 
lowable from the design viewpoint. Therefore the greater with- 
drawal resistance of the annularly grooved nail, as compared 
with that of the plain-shank nail, cannot be considered lessened by 
this decrease in holding capacity (beyond its ultimate) if a loading 
procedure is used similar to that employed in these tests. 

Nail Deformation Under Lateral-Load Application. Data on 
nail deformation during lateral loading of the nail shank are re- 
quired for the design of nailed wood structures, if the structural 
design is limited or influenced by the actual deformation of the 
structure under load. For this test series, the same test material 
and 2?/,-in-long, 0.135-in-diam nails were used as for the per- 
formance of tests on nail withdrawal. Additional data were ob- 
tained for hardened high-carbon-steel nails. The deformation of 
the nail shank is reported as the motion of a steel loading bar, 
fitting snugly around the protruding nail shank, relative to a hori- 
zontal line on the plank with the nail perpendicular to and inter- 
secting this line. Diagrammatic test data are given in Fig. 6. 

The slopes of the load-deformation curves indicate approxi- 
mately the same stiffness for the three nail types within their de- 
sign ranges. 

The low-carbon-steel plain-shank nail deformed approximately 
1/, in. before reaching an average maximum load of 620 lb. After 
having attained this peak load, the nail continued to deform. The 
shank finally sheared off at the loading edge nearest the plank at 
a total load of 325 lb and at a total deformation of 7/;, in. The 
hardened plain-shank nail was too brittle to resist the shear-stress 
concentration along the edge of the loading bar. Thus the aver- 
age ultimate load amounted to only 410 lb. 

The lJow-carbon-steel spirally and annularly grooved nails 


LATERAL LOAD IN POUNDS 
fe) re) 


TRANSACTIONS OF THE ASME 


OCTOBER, 1950 


sheared off at the start of the rolled-on shape at an average maxi- 
mum test load of 840 Ib, and a total deformation similar to that 
found for the plain-shank nail at its maximum test load. Those 
hardened spirally grooved nails, which did not shear off along the 
edge of the loading bar, failed !/2 in. inside from the plank sur- 
face at maximum lateral loads of 820 and 1010 |b, and at a total 
deformation of 13/32 in. One of the hardened annularly grooved 
nails similarly failed at 980 lb and at a similar amount of deform- 
ation. Thus on the basis of the limited number of tests per- 
formed, spirally and annularly grooved nails appear to have simi- 
lar rigidity within their complete lateral loading range. 

Ultimate Test Data. In Table 1 the driving resistance of nails 
is given as the ultimate penetration of the nail shank into the 
plank, corrected for nonuniformity, within a species, in proper- 
ties of the planks used for testing. 

Test data on the ultimate withdrawal resistance for spirally 
grooved nails are not comparable to those for plain-shank and 
annularly grooved nails, since the ultimate for spirally groove: 
nails does not occur within the same range as do the ultimates for 
plain-shank and annularly grooved nails. On the other hand, the 
“initial ultimate loads” for spirally grooved and the ultimate 
loads for plain-shank and annularly grooved nails are attained 
within a relatively similar range of withdrawal and thus may 
be considered of a comparable nature. In consideration of this 
observation, the comparative data given in Table 1 on with- 
drawal resistance of spirally grooved nails refer to their initial 
ultimate loads. 

The ultimate test data, as observed during lateral loading, 
were limited by rupture of the nail shanks in 45 per cent of all 
test cases, that is, in 63 per cent for hardened and in 27 per cent 
for nonhardened nails. The remaining test nails failed in with- 
drawal or excessive flexural deformation during lateral-load ap- 
plication. 

Both ultimate-withdrawal and lateral-loading data were also 
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TABLE 1 GRAND AVERAGES FOR MATCHED DECUPLE TESTS ON DRIVING RESISTANCE, WITHDRAWAL RESISTANCE, AND 
LATERAL LOAD-CARRYING CAPACITY FOR -PLAIN-SHANK, SPIRALLY GROOVED, AND ANNULARLY GROOVED NAILS IN GREEN 
WHITE OAK, GREEN BEECH, AND PARTIALLY AIR-DRY SOUTHERN YELLOW PINE 


Withdrawal Resistance Lat. Load-Carrying Cap. 
For 2/3 Shank Penetration For 2/3 Shank Penetration 


Nail Nail Wood Driving Resistance 

Size Type Species Shank Penetration 
Length x (In Inches) In Pounds 
Wire Dia. Pla pirall ar. Plain | Spira Annularly |] Plain] Spirally | Annular 
(in Tahoe) Grooved || rooved | Grooved || "| Grooved_| Grooved 


2" x 0.120"| HC-NH-NC-D Oak | 1.0, | 313 ee 604 
sai oor 314 355 
e 20 LOO 
HC-H-NC-D Oak 1.10 0.92 0.95 394, 52 520 5h, 694, 6 
Beech 0.87 0.70 0.75 4g 49h 416 370 3,2 347 
3 SYP weal} || Ae 1.06 00 2 9 571 L200 
C-NH-NC-V Oak 0.95 289 587 
oa a a Ee 
= i 286 0.93 5h0 511 O68 
(lS a Ee ee 


23" x 0.120"! HC-NH-NC-D Oak 375 
Beech 1,68 
SYP 98 

Oak 


He-H-NC-D 1.06 | 0-88 0.96 um. | 658 662 197 51 
Beech 0.83 0.68 On 520 719 688 461, 497 
SYP DS | OL 1.09 80 600 419 63 415 
HC-NH-NC-V Oak 0.91 374, Pieseere 
ele oe REE ee | an ae 
662 0 7 
680 


: 
1 207 


HC-H-NC-D-P 0.89 0.93 591 a2 
Beech 0.69 0.72 567 29h 
0.99 1.00 Th5 275 
2h" x 0.135" | LC-NH-NC-D Oak 0.93 | 0.73 0.72 645 732 700 799 597 
Beech 0-77 0.62 0. 60 14,62 627 704 355 483 638 
SYP 1.08 | 0.86 0.8 26 b bd, 500 1 620 
LC-NH-CC-D Oak 0.93 515 732 
Beech 0.76 492 421 
SYP el? 8 638 
Beech 0.49 502 577 
SYP 1.06 é 
Ho-H-Nc—D Oak 0. 89 0.73 0.75 629 829 785 178 1373 7h8 
Beech |] 0.53 0.35 0.40 702 8h1 851 685 681 Th2 
SYr, 1.08 0.91 0.97 588 78h 796 976 al 82 
3" x 0.148" | LC-NH-NC-D Oak 0.75 0.63 0. 60 541 688 866 906 1071 1080 
Beech []0.69 | 0.54 0.54 623 737 868 676 820 769 
SYP 0-90 0.75 0.75 366 362 825 6 830 1059 
34" x 0.162" | LC-NH-NC-D Oak 0.68 | 0.56 0.56 663 929 1072 11 1178 1235 
Beech |]/0.61 | 0.47 0.47 795 946 959 630 881 925 
SYP 0.80 0.67 0.64 429 609 1015 678 99 1198 
4! x 0.177" | HC-NH-NC-D Oak 0.62 834 Yl 
Beech || 0.50 1061 2h 
SYP 0.70 91 L 
HC—H-NC-D Oak 0.6 0.50 0.55 1100 UAL 1397 2106 2559 134 
Beech 0.49 0.40 0.45 1232 1291 1273 15 1522 1513 
SYP 0.74 | 0653 0.61 792 | 12 1100 162, 1939 1353 
4" x 0.203" | LC-NH-NC-D Oak 0.54 | O47 0.46 815 1093 1487 113 1989 2031 
Beech Oo bh 0.38 0.34 1093 1159 1256 1215 1595 1690 
SYP 0.64, 0.54 0. 53 1,03 664 1170 919 154 1550 
LC = low-carbon steel Hl = hardened D = diamond point 
HC = high-carbon steel NC = noncoated Mf rs V-point 
NH = nonhardened CC = cement-coated P= noe 
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corrected for nonuniformity in plank properties, if different 
planks within a species showed variations in their nail-withdrawal 
resistance and lateral load-carrying capacity. 


INFLUENCE OF DESIGN VARIABLES 


Nail Type. Comparative tests on driving resistance, with- 
drawal resistance, and lateral load-carrying capacity were per- 
formed with low-carbon-steel and hardened high-carbon-steel 
plain-shank, spirally grooved, and annularly grooved nails. The 
test results are given in Table 1 and graphically presented in 
Fig. 7. Because of their increased contact areas and frictional 
resistance between nail shank and surrounding wood, the grooved 
nails provided a larger withdrawal resistance and lateral load- 
carrying capacity than the plain-shank nails. These increases, 
however, were combined with an increase in driving resistance, 
although the latter increase proved to be somewhat smaller than 
those for withdrawal resistance and lateral load-carrying capac- 
ity. 

The average driving resistance of the low-carbon-steel and 
hardened high-carbon-steel spirally grooved nails in green oak was 
19 and 18 per cent, that in green beech was 20 and 21 per cent, 
and that in partially air-dry southern yellow pine was 19 and 16 
per cent greater, respectively, than that of the plain-shank nails. 


The average driving resistance of the corresponding annularly 
grooved nails in oak was 20 and 13 per cent, that in beech was 22 
and 13 per cent, and that in southern yellow pine was 21 and 11 
per cent greater, respectively. Thus the average driving resist- 
ance of spirally and annularly grooved nails tested was between 
1/,and 1/, greater than that of the plain-shank nails. 

The average withdrawal resistance of the low-carbon steel and 
hardened high-carbon steel spirally grooved nails in oak was 39 
and 34 per cent, that in beech was 17 and 16 per cent, and that 
in southern yellow pine was 34 and 48 per cent greater, respec- 
tively, than that of the plain-shank nails. The average with- 
drawal resistance of the respective annularly grooved nails in 
oak was 72 and 30 per cent, that in beech was 27 and 12 per cent, 
and that in southern yellow pine was 50 and 45 per cent greater. 

The average lateral load-carrying capacity of low-carbon-steel 
spirally and annularly grooved nails in oak was 14 and 12 per 
cent, that in beech was 31 and 40 per cent, and that in southern 
yellow pine was 52 and 64 per cent greater, respectively, than that 
of the plain-shank nails; that of the hardened high-carbon-steel 
spirally grooved nails in oak was 21 per cent, in beech was 3 per 
cent, and in pine was 25 per cent greater. By use of more satis- 
factory heat-treating procedures, considerable improvement 
might have been atitained in the lateral load-carrying capacity of 
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these hardened high-carbon-steel nails. To this end, improved 
equipment has been installed by the nail manufacturer. 

Nail Size. According to authoritative data (6), the withdrawal 
resistance per inch of penetration of plain-shank nails varies di- 
rectly with the nail diameter. One of the exceptions is the with- 
drawal resistance, e.g., of 3!/, and 4-in-long plain-shank nails in 
southern yellow pine, which is 5 and 10 per cent smaller, respec- 
tively, than if computed according to the foregoing correlation. 
Furthermore, according to this reference, the lateral load-carrying 
capacity of plain-shank nails varies with the 1.5th power of the 
nail diameter. 

Comparative tests on driving resistance, withdrawal resist- 
ance, and lateral load-carrying capacity were performed with 
21/., 8, 34/2, and 4-in-long low-carbon-steel plain-shank, spir- 
ally grooved, and annularly grooved nails, and with 2, 2'/., 
3, and 4-in-long nonhardened high-carbon-steel plain-shank 
nails, and hardened high-carbon-steel plain-shank, spirally 
grooved, and annularly grooved nails. The test data are graphi- 
cally presented in Figs. 8 and 9, in comparison with those ad- 
vanced in reference (6) for low-carbon-steel common wire nails. 
This comparison is limited in value, since common wire nails are 
made of a wire with a slightly different diameter from the tested 
nails. 

With increase in shank diameter, that is, the wire gage from 
which the nail was made, average driving resistance of both spir- 
ally and annularly grooved nails increased at a similar rate. This 
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increase, however, was slightly larger than that of the plain- 
shank nail driven into southern yellow pine and, especially, into 
oak. On the basis of the relatively uniform test data, it may be 
justified to assume a curvilinear relationship between shank diam- 
eter and depth of penetration for plain-shank nails, and a similar 
curvilinear relationship for grooved nails. 

The increase in withdrawal resistance per inch of penetration 
with increase in shank diameter of low-carbon-steel plain-shank 
and grooved nails was somewhat smaller than expected, accord- 
ing to reference (6) for low-carbon-steel plain-shank nails. AJ- 
though some of the data are somewhat erratic, a general trend of 
curvilinear relationship may be expected, particularly if grand- 
average data for increase in withdrawal resistance of —2, 7, and 
19 per cent for nails in oak, of 4, 8, and 22 per cent for nails in 
beech, and of 5, 18, and 13 per cent for nails in southern yellow 
pine are compared with increases in shank diameters of 10, 20, and 
50 per cent. 

The average withdrawal resistance per inch of penetration of 
the high-carbon-steel 3-in-long nails was only slightly larger, and 
that of the 4-in-long nails in oak 39 per cent, in beech 48 per cent, 
and in southern yellow pine 18 per cent larger than that of the 
2 and 21/.-in-long nails. The withdrawal resistance of some of 
the 3-in-long and, in particular, that of almost all 4-in-long nails 
should have been larger, according to the correlation suggested in 
reference (6), for low-carbon-steel plain-shank nails. The ex- 
cessive brittleness of some of the test nails may have been of some 
influence on these data. 

While the increase in lateral load-carrying capacity of low-car- 
bon-steel plain-shank and spirally grooved nails in southern yel- 
low pine, with increase in diameter, was similar to that expected, 
according to the general formula advanced in reference (6), the 
increase in capacity of these nails in oak and beech and of spirally 
grooved nails in oak, beech, and southern yellow pine was consid- 
erably larger. Thus with an increase in diameter of 10, 20, and 
50 per cent for 3, 31/2, and 4-in-long nails, on the basis of com- 
parison with the 2!/.-in-long nail, the respective ratios of average 
increases in capacity for plain-shank and spirally grooved nails 
in southern yellow pine were 12:34:98, in beech were 80:80 : 236, 
and in oak were 32:50:149; those for annularly grooved nails in 
southern yellow pine were 71:87:150, in beech were 21:45: 165, 
and in oak were 81: 107 :240. 

The increase in lateral load-carrying capacity with increase in 
diameter of most of the high-carbon-steel nails tested was also 
considerably larger than that expected, according to the general 
formula presented in reference (6) for low-carbon-steel plain- 
shank nails. The erratic nature of some of the test data is ex- 
plained by the considerable variation in brittleness of these nails. 

The relatively small increase in efficiency with increase in 
shank diameter of some of the grooved nails, in comparison with 
that of the plain-shank nails, such as in withdrawal resistance in 
green beech, may be explained by the uniformity in spacing of 
spiral and annular grooves for all nail sizes. Smaller center-to- 
center spacing of the grooves of the large-size nails might have in- 
creased their efficiency, although to date, no data have been ob- 
tained to substantiate such an assumption. 

Nail Point. Nails tapered to and terminating in a flat point do 
not split wood as much as nails with a sharp or diamond point. 
The withdrawal resistance of nails with a tapered and flat point is 
equal in dense wood, though, smaller in less dense wood than that 
of the corresponding nail with a sharp point. Splitting of wood 
by a nail may also be prevented by use of a shank point with a 
short wedge having a blunt end, such as the V-point. Although 
the angle of the wedge-point axis to the wood-fiber direction may 
be of influence on the efficiency of this nail, all V-point nails were 
driven without consideration being given to the direction of the 


wedge axis. 
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Comparative tests were performed with 2 and 2!/2-in-long 
diamond-point and V-point, high-carbon-steel nonhardened 
plain-shank and hardened spirally and annularly grooved nails, 
manufactured from the same wire strand, and driven into green 
white oak and partially air-dry southern yellow pine. The V- 
point, in comparison with the diamond point, resulted in a 9, 8, 
and 4 per cent greater average driving resistance and a 10, 5, and 
5 per cent smaller average withdrawal resistance for the non- 
hardened plain-shank, hardened spirally grooved, and hardened 
annularly grooved nails, respectively. The lateral load-carrying 
capacity of the nonhardened plain-shank nail with V-point was 4 
per cent smaller than that of the diamond-point nail. The lateral 
load-carrying capacity of the hardened grooved nails with V and 
diamond points was influenced too much by variations in nail 
brittleness to yield satisfactory comparative data. 

With few exceptions, the effect of the V-point was consistent 
for all tests on the driving resistance, withdrawal resistance, and 
lateral load-carrying capacity. However, the influence of the V- 
point, in comparison with that of the diamond point, on the fore- 
going properties was relatively small, thus insignificant from the 
practical viewpoint. 

Shank Pilot. For ease in initial driving of nails with grooved 
shanks, a pilot may be used, that is, for a short length from the 
nail point, the nail shank is plain and grooving starts only beyond 
that length. The length of the pilot may vary. For tests on the 
21/.-in-long hardened high-carbon-steel grooved nails with a 
pilot, a pilot length of 3/,, in. was used. 

According to the comparative data for spirally and annularly 
grooved nails, the pilot resulted in a 2.5 per cent greater average 
driving resistance and a 5 per cent smaller average withdrawal 
resistance. In view of the considerable variation in brittleness of 
the test nails, fully comparative data could not be obtained on the 
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lateral load-carrying capacity of nails with and without pilots. 

Thus it appears that as a short pilot was used for these com- 
parative tests, it did not have any appreciable influence on both 
driving and withdrawal resistance of 21/,-in-long, hardened high- 
carbon-steel spirally and annularly grooved nails. 

Steel Composition. Both “regular” low-carbon steel, SAE 
1010, and high-carbon steel, SAE 1065, were used for the manu- 
facture of the tested nails. Comparative data were obtained on 
the driving resistance, withdrawal resistance, and lateral load- 
carrying capacity of 21/2, 3, and 4-in-long plain-shank nails 
made from both steels, with the high-carbon-steel nails having 
11.2, 8.8, and 12.8 per cent smaller diameters, respectively. 

The average driving resistance of high-carbon-steel nails was 7 
to 18 per cent, with a grand average of 12 per cent, smaller than 
that of the low-carbon-steel nails. An exception was the 3-in- 
long high-carbon-steel nail in beech with a 30 per cent larger driv- 
ing resistance. The average withdrawal resistance of the high- 
carbon-steel nails was from 34 per cent smaller to 22 per cent 
larger, with a grand average of 10 per cent smaller, than that of 
the low-carbon-steel nails. Similarly, the lateral load-carrying 
capacity of the high-carbon-steel nails was from 25 per cent 
smaller to 44 per cent larger, with a grand average of 7 per cent, 
smaller than that of the low-carbon-steel nails. 

Thus, because of the smaller diameters of the high-carbon- 
steel nails, as compared to the diameters of the low-carbon-steel 
nails of the same types and lengths, the high-carbon-steel nails 
were somewhat easier to drive and had a smaller withdrawal re- 
sistance and lateral load-carrying capacity than the respective 
low-carbon-steel nails. 

Heat-Treatment. Wigh-carbon-steel nails may be hardened to 
increase their buckling resistance during driving, their withdrawal 
resistance and lateral load-carrying capacity during use. Thus 
some of the high-carbon-steel nails were heat-treated at 1500 to 
1600 F for 28 min, quenched in an oil bath, and tempered at 550 
F for an additional 28 min. The nails thus treated varied consid- 
erably in brittleness although made from the same wire strand and 
issuing from the same nail batch, with some of the nails failing as 
a result of their brittleness and others failing only in exceeding 
their withdrawal resistance. 

Comparative data were secured on the driving resistance, with- 
drawal resistance, and lateral load-carrying capacity of 2, 21/s, 
3, and 4in-long high-carbon-steel, nonhardened and hardened 
plain-shank nails. 

The average driving resistance of the hardened nails was from 
2 per cent larger to 9 per cent smaller, with a grand average of 3 
per cent smaller than that of the nonhardened nails. The average 
withdrawal resistance of the hardened nails was 11 to 142 per cent, 
with a grand average of 50 per cent larger than that of the non- 
hardened nails. The lateral load-carrying capacity of the hard- 
ened nails was from 36 per cent smaller to 109 per cent larger, 
with a grand average of 21 per cent larger than that of the non- 
hardened nails. While the driving resistance of hardened nails 
was almost consistently, however, from the practical viewpoint, 
insignificantly smaller, the withdrawal resistance of the hardened 
nails was consistently larger than that of the nonhardened nails. 
The considerable variation in brittleness is the explanation for the 
relatively large variation in data on both the withdrawal resist- 
ance and lateral load-carrying capacity of hardened nails. How- 
ever, since as a result of heat-treatment both withdrawal resist- 
ance and lateral load-carrying capacity of some of the nails were 
increased more than 100 per cent, it should be possible to increase 
consistently to a considerable degree both withdrawal resistance 
and lateral load-carrying capacity by use of fully satisfactory 
hardening methods with equipment only lately installed by the 
nail manufacturer. 

Cement Coating. According to information given in reference 
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(6) the withdrawal resistance of plain-shank nails immediately 
after driving into light wood may be 85 to 100 per cent larger if 
the nails are properly cement-coated, while, with increase in wood 
density, the benefit of cement coating decreases to practically no 
advantage over noncoating. 

Comparative tests were performed on the driving resistance, 
withdrawal resistance, and lateral load-carrying capacity of 
21/,-in-long low-carbon-steel plain-shank nails and hardened 
high-carbon-steel spirally and annularly grooved nails. The ce- 
ment-coating compound‘ used consisted of synthetic resin 
treated with linseed oil. It contained 65 per cent, by weight, pe- 
troleum naphtha as volatile carrier. It was applied in a tumbling 
process at normal temperature and uniformly covered the whole 


nail. 
The average driving resistance of the noncoated and coated 


4No. V-5071 Elastic Nail Coating by the M. B. Suydam Division 
of Pittsburgh Plate Glass Company. 


nails did not vary to any large extent. Cement coating increased 
the average withdrawal resistance of the plain-shank nail in oak 
28 per cent, in beech 6 per cent, and in southern yellow pine 65 
per cent. On the other hand, cement-coating of hardened high- 
carbon-steel spirally and annularly grooved nails was of no effect 
on their withdrawal resistance. The lateral load-carrying capacity 
of the coated plain-shank nail in oak was 5 per cent, in beech was 
19 per cent, and in southern yellow pine was 28 per cent greater 
as a result of application of cement coating. The variation in 
brittleness of the hardened spirally and annuarly grooved nails 
did not make it possible to obtain reliable data on the influence of 
cement coating on the lateral load-carrying capacity of these 
nails, although the coated spirally grooved nail showed consist- 
ently larger values than the noncoated nail. However, since the 
withdrawal resistance of these nails was not increased as a result 
of cement-coating, this increase in lateral load-carrying capacity 
may not be fully attributable to the coating. 
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The foregoing data on the withdrawal resistance of plain-shank 
nails are in general agreement with the information advanced in 
reference (6) for plain-shank nails. These data also indicate that 
cement-coating of spirally and annularly grooved nails may not 
be justified for purposes of improving their withdrawal resistance. 


SUMMARY 


1 With relatively small increases in driving resistance of nails, 
large increases can be expected in both withdrawal resistance and 
lateral load-carrying capacity. 

2 Spirally and annularly grooved nails offer larger with- 
drawal resistance and lateral load-carrying capacity than plain- 
shank nails. Annularly grooved low-carbon-steel nails offer a 
larger withdrawal resistance than spirally grooved low-carbon- 
steel nails, while the withdrawal resistance of spirally and annu- 
larly grooved hardened high-carbon-steel nails is approximately 
the same. 

3 Typical data on the effectiveness of spirally and annularly 
grooved nail shanks in comparison with plain nail shanks are pre- 
sented in Table 2. 
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than low-carbon-steel nails of the same lengths, are, type for 
type, somewhat easier to drive and have correspondingly smaller 
withdrawal resistance and lateral load-carrying capacity than 
low-carbon-steel nails with their larger diameters. 

11 Although the driving resistance of hardened nails is similar 
to that of nonhardened nails, the withdrawal resistance and lat- 
eral load-carrying capacity of hardened nails can be considerably 
larger. 

12 Cement coating results in considerably increased with- 
drawal resistance of plain-shank nails immediately after driving 
into the low-density southern yellow pine and an almost negligible 
increase in withdrawal resistance for high-density beech. How- 
ever, cement coating does not increase withdrawal resistance or 
lateral load-carrying capacity of spirally or annularly grooved 
nails. 

13 Because of the considerable difference in moisture con- 
tent, the average driving resistance, withdrawal resistance, and 
lateral load-carrying capacity of nails in green white oak and 
beech on the one hand, and partially air-dry southern yellow 
pine on the other hand, did not differ greatly and as much as 


TABLE 2 COMPARISON OF PER CENT EFFECTIVENESS OF LOW-CARBON- 


STEEL, DIAMOND-POINT, 


21/2-IN-LONG, 


0.185-IN-DIAM  PLAIN-SHANK, 


CEMENT-COATED PLAIN-SHANK, SPIRALLY GROOVED, AND ANNULARLY 


GROOVED NAILS ON BASIS 


OF COMPARISON WITH RESPECTIVE 


NON- 


COATED PLAIN-SHANK NAIL 


Plain-shank nail Spirally Annularly 


Wood Non- Cement- grooved grooved 

species Property coated coated nail nail 
In { Driving resistance 100 100 122 123 
green | Withdrawal resistance 100 128 161 183 
white oak Lateral load-carrying capacity 100 105 114 85 
In Driving resistance 100 101 119 123 
green Withdrawal resistance 100 106 136 152 
beech Lateral load-carrying capacity 100 119 136 180 
In partially (Waa resistance 100 96 120 124 
air-dry Withdrawal resistance 100 166 125 244 
southern pine | Lateral load-carrying capacity 100 128 150 124 


4 Both under withdrawal and lateral load, plain-shank and 
spirally or annularly grooved nails have similar rigidity within 
their design ranges; thus cause similar stiffness of nailed joints. 

5 Under constant rate of withdrawal, plain-shank nails retain, 
within given limits, a slowly decreasing holding capacity some- 
what below the ultimate holding capacity; spirally grooved nails 
continue to increase their holding capacity, although at a de- 
creased rate of increase, after the “initial ultimate withdrawal re- 
sistance” has been reached; annularly grooved nails reach a con- 
siderably greater ultimate withdrawal resistance at a larger with- 
drawal than plain-shank and spirally grooved nails, while this 
withdrawal resistance decreases at a similar rate to that of in- 
crease up to the ultimate. 

6 Under lateral load, the ultimate lateral load-carrying capac- 
ity of plain-shank and spirally or annularly grooved nails is 
reached at approximately the same amount of deformation. 

7 Curvilinear relationships may be assumed between nuil- 
shank diameter and both driving resistance and withdrawal re- 
sistance for plain-shank nails. Similar curvilinear relationships 
seem to exist for spirally and annularly grooved nails. The gen- 
eral correlation between nail-shank diameter and lateral load-car- 
rying capacity, as presented in reference (6), seems to be some- 
what conservative for plain-shank and spirally grooved nails in 
green white oak, green beech, and partially air-dry southern yel- 
low pine. 

8 The V-point, in comparison with the diamond eth has 
little effect on the driving resistance, withdrawal resistance, and 
lateral load-carrying capacity of plain-shank and spirally or annu- 
larly grooved nails. 

9 Ashort pilot for grooved nails does not have any appreciable 
influence on either driving or withdrawal resistance. 

10 High-carbon-steel nails, having smaller shank diameters 


would be expected if the nails were tested in these species with 
like moisture content (7). 

14 Driving resistance and withdrawal resistance increase with 
increase in wood density according to somewhat similar trends (7). 

15 Asa result of variation in physical structure of the plank, 
driving resistance, withdrawal resistance, and lateral load-carry- 
ing capacity may vary within the same plank cross section, even 
if the lumber is free of growth irregularities (7). 
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Discussion 


T. D. Perry.® The nailis one of the most common items used 
in all kinds of woodworking, one of our largest industries. It is 
surprising that so little has been investigated, technically, with 
regard to the gripping power of nails having different shapes of 
shanks. 

Excellent as this paper is, there are two points which need clari- 
fication in this as well as in the author’s earlier paper on the sub- 
ject. 

Simplify the conclusions, by emphasizing major factors at the 
expense of less important ones, or break the results down into sec- 
tions, so that the number of variables in each bracket is much re- 
duced. Reading technical papers is no novelty to me, but I have 
to confess considerable confusion, even after a careful reading of 
this paper. Reading rapidly or scanning would not improve the 
casual reader’s conclusions. The facts are there but they do not 
stand out clearly against the background of lengthy testing pro- 
cedure. 

Supplement the strength data by analyzing the economic fac- 
tors. If 8 lb of grooved shank nails are needed to carry the same 
load as 10 lb of common plain shank nails, what is the relative 
cost of the two lots? In other words, and in the last analysis, the 
dominating reason for adopting such nails would be either more 
strength at the same cost, or equal strength at less cost. 


H. J. Srone® states that with respect to the use of grooved 
nails in the field of building construction, the most important 
point is that ordinary nails are not nearly strong enough to equal 
the structural strength of the materials they fasten. To put 
this in another way, the frame used in the average home is, 
according to our tests, up to 5 times as strong as its fastenings. 
However, if properly grooved nails are used, their holding 
power can exceed the strength of the lumber they fasten, with 
the result that the frame of a house assembled with properly 
grooved nails will be fractured before the nails have yielded. 
It seems obvious that, since a house is ultimately not stronger 
than the fastenings which were used in its assembly, these fasten- 
ings should be as strong, if not stronger, than the lumber used 
in the construction of the house. 

While it may be argued that most houses are never subjected 
to extraordinary stresses, there are in almost all sections of the 
country periods of high winds, extremes of temperatures, and 
other conditions which cause severe stresses on the house struc- 
ture. These stresses often result in cracks, warpage, and dis- 
tortions with resulting sticking of windows, door frames, and 
other comparatively minor distortions, which may result in re- 
pair bills, any one of which may exceed the additional cost of 
properly grooved nails. 

The advantages of grooved nailing also apply to roofing, wood- 
finishing, door and window frames, and other elements which 
often deteriorate and cause trouble. An asphalt-shingle roof 
fastened with properly grooved roofing nails will never leak due 
to nail popping. Here again, a single roof leak may be more 
costly than the entire differential in cost between annularly 
grooved nails and ordinary roofing nails. 

In the case of the grooved flooring nails, as compared with 


5 Engineer in Wood Work, Moorestown, N. J. Fellow ASME. 
6 General Manager, Independent Nail & Packing Company, 
Bridgewater, Mass. 
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conventional nails, we have experiences with spirally grooved 
nails going back 15 or 16 years. We have no record of failure 
during that period of time. On the other hand, floors nailed 
with either conventional cut nails or common wire brads will in 
time squeak, buckle, and ultimately require renailing and re- 
finishing. 

Many of the cracks in walls and ceilings can be traced to failure 
of fastenings in the frame of a house and consequent settling of 
frames or distortion of walls. These conditions may be avoided 
with use of properly grooved nails which are proved in tests to 
exceed the strength of common nails as much as 1200 per cent. 

If the contractor or home owner desires to offset the slight addi- 
tional cost of properly grooved nails, this may be done by sheath- 
ing the house with one of several types of synthetic sheathing ma- 
terials. While such materials are not as effective as boarding 
when common nails are used, they may safely be used if the 
house structure is assembled and the sheathing itself applied with 
the respective grooved nails. The use of these grooved nails 
also allows the use of lower grades of lumber without reducing 
the ultimate strength of the building itself. 


AuTHOR’s CLOSURE 


With respect to Mr. Perry’s comments, it may be stated that 
this paper is to serve a twofold purpose. It is (a) to make availa- 
ble to the average engineer general information on the ad- 
vantages of using improved nails; and (b) to present detailed 
data to the nail user concerned with a large number of variables 
of little interest to the average engineer. The information which 
may be too detailed for the former, may contain too little data 
for the latter. Thus a relatively large amount of information 
had to be crowded into a ‘given space. For those wishing to 
obtain additional information, parts or complete copies of refer- 
ence (7)? can be made available. 

Since presentation of this paper, a considerable amount of 
additional information on improved nails and their effects has 
been obtained. To those interested in this information, a 
supplement to the Bibliography appears at the end of this 
closure. 

Reference (10) contains a partial summary of fully compara- 
tive information on delayed nail-holding properties, as referred 
to in the paper and scheduled for later presentation. Thus it 
shows the effect of change in moisture content and elapsed time 
after nail driving on the test variables under discussion. 

With respect to the economic aspects created by the mass- 
production of grooved nails, Mr. Perry overlooked the aspect 
of considerably increased service at somewhat increased cost. 
In this case, this aspect can be combined with better service at 
the same cost or equal service at less cost, since the better service 
rendered by the individual grooved nail makes it possible to 
reduce, under given conditions, the number of nails hitherto 
required. 

One .of the cases in which considerably better service can be 
obtained at even decreased cost for grooved nails, is that of the 
spirally grooved Screwtite flooring nails. In this particular case, 
50 lb of grooved nails replace 100 lb of cut nails, with an increase 
in nail-holding power of 40 per cent, combined with a simul- 
taneous saving of 28 per cent of the cost of the cut nail. 

For a more complete analysis of the economic aspects of use of 
grooved nails, a cost analysis (Table 3) is presented which was 
advanced for a 50-ft xX 24-ft $10,000 five-room house with 
attached garage. 

Thus, at a cost of $10,000 for this house, the cost of all nails 
amounts to $65.70 or 0.657 per cent if of the plain-shank type, and 
to $106.25 or 1.0625 per cent if of the grooved type.’ In other 


7 Reference is to Bibliography at the end of the paper. 
8 Reference (a) Table 3 of this closure. 
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TABLE 3 COST ANALYSIS OF NAILS FOR TYPICAL $10,000 
HOUSE 


—Quoted cost*— 


Required — 


Nail Nail amount Plain-shank Annularly grooved 
type size lb nails Stronghold nails 
20d 110 $ 7.98 $18.85 
16d 75 e. i ; ies 
4 WONG ers oe rk se a 10d 60 z 5 
ea 8d 130 9.75 16.51 
6d 5 0.40 0.66 
9 10d 10 0.89 Les 
Casing tema -eatrrryae 6d 5 0.48 0.69 
10d 10 0.89 1.33 
Rattan 8d 15 1.35 2.02 
inwshinges. Mocwsaecet cs 6d 5 048 069 
4d 2 0.20 0.33 
RO OrIN gs ser pep owe 8d 30 3.906 2.81¢ 
pete 5) cy ue SAL See MD Od Fe 7d 35 4.81 5.86 
Shingles cuit acters vs ser 3d 65 10.40 EG rizali 
Asphalt roofing......... LSS 60 8.10 14.04 
Lath rye i2 ous chsh shite 11/s X 13 45 6.19 12.40 


9 Based on retail quotations for products of the Independent Nail & 
Packing Company, Bridgewater, Mass. 

b High-carbon-steel cut flooring nails. F : 

¢ 15 lb of spirally grooved Screwtite flooring nails. 


words, for an increase of $40.55 or less than 1/2 per cent of the 
total cost of the house, all the following advantages can be ob- 
tained, according to data presented in the paper and in refer- 
ences (8, 9, 10,11). Itis not a necessity, of course, to replace all 
plain-shank nails with grooved nails. To date, replacement for 
individual applications has been more or less the case. On the 
other hand, with the increased amount of knowledge as to the 
beneficial effect of use of grooved nails, total replacement of nails 
must be given consideration under certain conditions. The ad- 
vantages follow: 


1 For the increased expenditure of $20.03 or 0.2 per cent of 
the total cost of the house given as an example, the unsheathed 
framing can offer a 4 to 6 times greater lateral-thrust resistance, 
with the frame joints possibly even stronger than the framing 
lumber (9). : 

2 For a saving of $1.09, as a result of the use of 15 Ib of 
spirally grooved Screwtite flooring nails instead of the twice as 
heavy cut flooring nails, the flooring and stair treads can be 
more easily and quickly laid; under normal conditions do not 
come loose, squeaky or springy, cup or buckle; split tongues can 
be averted; whereby 220 and 40 per cent, respectively, greater 
withdrawal resistances are obtained if comparison is made with 
the same-size plain-shank flooring brads and cut flooring nails (11). 

3 For an increased expenditure of $1.05, all the siding may 
be fastened in such a way that the nails will not ‘‘creep” or 
‘Dop”’; thus the siding remains firmly fastened to the structure. 

4 For an increased expenditure of $6.31, assurance may be 
had that none of the wood or asbestos shingles will come loose 
since the use of grooved nails results in a 250 per cent greater 
holding power than attained by use of corresponding plain-shank 
nails. 
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5 For an increased expenditure of $5.94 for fastening asphalt- 
roofing shingles, assurance may be had that the nails will retain 
the shingles continuously tightly fastened as a result of the 50 
per cent greater axial withdrawal resistance of the grooved nails 
in comparison with the plain-shank nails. 

6 For an increased expenditure of $6.21, the plaster lath may 
be fastened permanently and firmly to the framework because of 
the 40 per cent increased holding power of the annularly grooved 
nails. Thus the possibility of formation of any cracks in plaster 
is considerably decreased. 

7 For an increased expenditure of $2.10 for casing and 
finishing nails, the woodwork should never come loose. Thus a 
satisfactory fastening of all interior woodwork even after aging 
of the structure can be assured. 


The cost increases cited result from the use of an equivalent 
number of properly grooved nails to replace plain-shank nails. 
In many: cases, a smaller number of grooved nails may be used 
without detrimental effect. Thus the small increases in ex- 
penditure may even be decreased. 

All the improvements in the structure immediately after erec- 
tion and during its life, and the decreased cost of maintenance 
and repair, resulting exclusively from the use of grooved nails, 
can be attained for a cost amounting to less than 1/2 per cent of 
the total cost. This small difference in initial cost may be con- 
sidered ‘‘an insurance premium of the entire value of the house 
for its lifetime, which will guarantee that the house will not de- 
teriorate within its expected lifetime.” 

Although tables indicating the efficiency of grooved nails in 
comparison with plain-shank nails, as based on holding capacity 
per dollar value, could be presented according to the data made 
available in this and other papers (10, 11), it is believed that the 
foregoing cost analysis for nails in home construction answers 
the question raised by Mr. Perry as to the economic aspects of the 
use of grooved nails. 
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Head and Flow Observations on a High- 
Efficiency Free Centrifugal-Pump Impeller 


By W. C. OSBORNE! anp D. A. MORELLI,? PASADENA, CALIF. 


A series of studies of the flow through the various com- 
ponents of hydrodynamic machinery is in progress in 
the Hydraulic Machinery Laboratory of the California 
Institute of Technology. Observations have been made 
on an impeller patterned after the Grand Coulee design. 
The impeller was operated as an isolated unit hydrau- 
lically free of the casing. The flow pattern at the discharge 
has been determined quantitatively for one flow rate, and 
a head-capacity curve for the impeller has been obtained. 
This paper constitutes a report on the findings up to the 
present. 


INTRODUCTION 


N the past most of the experimental work carried on in the 
Ii field of rotating machinery has dealt with the machine as a 
whole, and because of the technical difficulties involved, 
comparatively little has been done to determine the performance 
characteristics of the individual elements which make up the 
whole. Asa rough classification, such a machine can be thought 
of as consisting of three parts, namely, (a) the stationary inlet 
member, (b) the rotating member, and (c) the stationary outlet 
member. 

Some empirical work has been carried out in which various 
rotating members have been tested with the same stationary 
members and vice versa, but the test results obtained in these 
cases have been referred to the performance of the combination 
as a complete machine, and the effect of changes in the individual 
member has been inferred only through the effect of such changes 
on the over-all performance. Several laboratories, particularly 
those of Spannhake, Thoma, and Pfleiderer, in Germany (1-9),? 
have undertaken experimental investigations of the detailed 
characteristics of the flow in the rotating passages, and a few 
workers have explored the flow during its transition from the 
rotating member to the case. In practically all instances, how- 
ever, the experimental machine has been greatly simplified, 
usually to the point of making the runner two-dimensional. 
The gain from such simplification has been twofold, namely, the 
experimental difficulties have been lessened appreciably, and the 
possibility of parallel analytical studies has been improved. 
Unfortunately, the losses accompanying the simplification have 
included large decreases in efficiency, lowered resistance to cavi- 
tation, and a general lack of similarity to the performance char- 
acteristics of modern hydraulic machines. 

Much effort has been devoted to the development of a satis- 
factory analytical treatment of the flow in hydraulic machines. 


1 Research Engineer, Hydraulic Machinery Laboratory, Cali- 
fornia Institute of Technology. Jun. ASME. 

2 Senior Research Engineer, Hydraulic Machinery Laboratory, 
California Institute of Technology. Mem. ASME. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., November 27-December 2, 
1949, of Tam American Socirry or MecuaNIcaL ENGINEERS. 

Nore: . Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-108. 


Sonsiderable progress has been made in the analysis of the axial- 
flow machine based upon airfoil theories, especially in the zone 
of efficient operation. However, for abnormal operating condi- 
tions even in the axial-flow machines, and for all conditions in the 
machines having appreciable components of radial flow, the pres- 
ently known analytical methods leave much to be desired. If 
the performance of the individual elements of machines having 
good characteristics and high efficiencies could be obtained ex- 
perimentally, and especially if the details of the flow could be 
determined, as well as the over-all characteristics of the elements, 
it would greatly enlarge the possibilities of developing a satisfac- 
tory analytical treatment and at the same time improve design 
possibilities through the use of more detailed empirical informa- 
tion. 

In an effort to meet this need, a project has been initiated at 
the Hydrodynamics Laboratory of the California Institute of 
Technology under the sponsorship of the Office of Naval Re- 
search for the primary purpose of making detailed studies, both 
experimental and analytical, of flow through various components 
of well-designed modern hydraulic machines. Since the exist- 
ing facilities of the Hydraulic Machinery Laboratory (10) were 
not readily adaptable to the type of experimental work antici- 
pated, a smaller more suitable laboratory was constructed. 


LABORATORY FACILITIES 


The project is located on the mezzanine floor of the Hydraulic 
Machinery Laboratory. The equipment is arranged to provide 
a flow of water in a closed circuit which is shown schematically 
in Fig. 1 and which consists essentially of three principal sec- 
tions. One section functions primarily as a supply reservoir 
and includes the necessary equipment to deliver and meter a 
steady flow of water at various pressures and flow rates. It 
includes the reservoir and service pump, the Venturi meters and 
the throttle valve. This part of the circuit is independent of 
whatever test arrangement is made. 

The second section functions principally as a distribution cir- 
cuit and includes an adaptable arrangement of distributing 
headers, valves, and piping which may be arranged in various 
combinations to carry the flow from the throttle valve to and 
from the test elements in the particular manner and direction 
required by the unit under observation. Fig. 1 shows two of 
the several flow circuits possible. The major portion of this sec- 
tion is expendable and may be modified as the research requires. 

The test stand is the third part of the circuit, Here are pro- 
vided facilities for mounting, operating, and testing hydraulic- 
machine elements. The principal parts are the approach piping, 
the test basin, and the vertical dynamometer. These com- 
ponents are all in duplicate and thus allow two different studies 
to be run alternately and effect a great saving of time. Fig. 2 
shows the test equipment as arranged for the photographic studies 
herein reported. One of the vertical dynamometers has been 
removed and replaced by a centerless impeller-drive mechanism 
to allow a full view of the impeller. Windows have been installed 
in the test basin to facilitate lighting and provide additional ob- 
servation points. Fig. 3 presents the parallel test setup on the 
opposite side of the test stand. With this arrangement over-all 
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head-capacity characteristics of the impeller were determined. 

The project is a self-contained unit and can be operated inde- 
pendently of the other equipment in the building. However, 
to avoid duplication of equipment, the three Venturi meters may 
be connected to the main calibrating circuit of the Hydraulic 
Machinery Laboratory (10) and the existing facilities used for 
calibration. Fig. 2 shows the two points of interconnection. 

The apparatus covers the following ranges: 


1 Flow rates up to 4 cfs with a head differential of 66 ft at the 
test unit. r 

2 Power input or absorption up to 30 hp. 

3 Dynamometers capable of rotative speeds of 100-2000 rpm 
in either direction. 


The physical size of the test elements is not rigidly fixed. 
However, rotating channels up to 12 in. diam and diffuser or vol- 
ute casings up to 30 in. diam may be accommodated. 

Although the conventional opaque metal cast elements can be 
used in some test work, techniques have been developed at the 
laboratory for precision manufacture of these elements from 
transparent materials such as lucite. This not only makes pos- 
sible the use of the various photographic techniques (12, 13) 
which have been developed and found to be extremely useful in 
observing and analyzing flow phenomena in the Hydrodynamics 
Laboratory (11), but it also offers advantages of controlled dimen- 
sions and guarantees symmetry and reproducibility to a degree 
essential for precise test work, which, ordinarily, are unattaina- 
ble with standard cast elements. 


Oxssect or Trusts 


The impeller of a centrifugal pump was chosen as the first 
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machine element. to be examined. The rotating 
member was selected since it may be considered 
as the primary element of the pump; the princi- 
pal interchange of energy between the machine 
and the fluid takes place in its rotating passages. 
The initial studies were confined to observations 
of the flow pattern at the discharge section of the 
impeller and to determinations of the over-all 
head-capacity characteristics of the impeller run- 
ning free of its case. The discharge section of a 
modern medium-specific-speed impeller lends itself 
more readily to observation than does the inlet 
section and hence was selected as a logical start- 
ing point for a series of investigations which even- 
tually will cover the entire impeller passage. Like- 
wise, the head-capacity is the beginning of a series 
of studies designed to cover the complete over-all 
operating characteristics of the impeller. It is the 
purpose of this paper to report the findings of these 
initial studies and to present the tentative conclu- 
sions that have been drawn. 


Tue Test IMPELLER 


The test impeller used was very similar in de- 
sign to the Grand Coulee pump impeller. This 
pump is a high-efficiency unit of medium specific 
speed, V, = 100 (Q in cfs), and its design is rep- 
resentative of modern practice. The entire series 
of Grand Coulee model pumps was tested in the 
Hydraulic Machinery Laboratory and thus there 
is much detailed information available on the over- 
all performance of the pumping unit (15). Fig. 4 
is a scale drawing of the impeller and presents its 
principal dimensions. The shroud curvature, the 
discharge and inlet vane angles, and the vane length were modeled 
to scale directly from the Grand Coulee design. However, the 
slight curvature or spooning of the vane in the eye was omitted 
and the vane was terminated along a straight line in the merid- 
ional projection. Although this alteration speeded production 
of the test impeller, it is not a limitation of the manufacturing 
technique; exact curvature of the prototype can be duplicated 
in the model if tests indicate the necessity. The discharge-vane 
tips were left blunt for the present tests. 


e 
A Free IMPELLER 


It was required that the flow through the rotating impeller be 
independent of external effects. The flow was delivered to the 
impeller eye by a nozzle which matched the eye diameter exactly, 
and which was designed to give a uniform velocity profile at that 
section (14). The impeller was mounted directly above the 
nozzle and was rotated about a vertical axis. When using the 
centerless impeller mount, Fig. 2, the large journal bearing lo- 
cated between the impeller and the nozzle effects the necessary 
seal, whereas in the setup for the head-capacity measurements a 
ring of '/,in-sq packing seated in a groove in the nozzle bears 
against the impeller and seals the suction side against leakage. 
It was intended originally that the impeller should be operated 
with a free atmospheric discharge, Fig. 5; however, as the capac- 
ity is reduced, thus lowering the static pressure in the eye, a point 
of instability is reached; the water breaks away from the top 
shroud and air flashes back into the impeller. This results in 
operating with passages partially filled, Fig. 6. Operating the 
impeller at extremely low speeds will avoid this difficulty, but-the 
magnitude of the head generated and the flow rate are reduced 
correspondingly, and measurements become exceedingly difficult. 
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A symmetrical stationary collector about the discharge of the 
impeller furnished a satisfactory solution to the problem. The 
collector matches the impeller width at the periphery of the 
impeller and reduces to a smaller opening at its outer rim. A 
cylindrical weir is used to vary this opening and thus maintain 
a sufficiently high pressure in the collector and impeller to pre- 
vent flashback. The clearances between the impeller and the 
collector are close-running. Qualitative and quantitative stud- 
ies of the flow pattern at the periphery of the impeller in the zone 
indicated in Fig. 4 were made with the impeller discharging 
freely, and also into the collector. These showed that the latter 
had no perceptible effect on the pattern of flow in that zone. 
With the exception of the flow in the boundary layer at the pe- 
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riphery, it is believed that the flow pattern at the discharge and 
throughout the entire impeller is unaffected. The test unit so 
arranged is considered to be hydraulically independent of the test 
setup and hence is referred to as a “‘free impeller.” 


FLOw OBSERVATION 


Instrumentation and Procedure. A three-dimensional photo- 
graphic technique was used in making the quantitative flow 
studies. Thus the problems of instrument response and ob- 
struction to the flow presented by mechanical methods were 
eliminated. However, photographic techniques required that 
the test passages be transparent and that suitable photographi- 
cally identifiable particles be present in the stream. A mixture 
of dibutyl phthalate and kerosene proportioned to give a specific 
gravity equal to that of the water,* colored white and observed 
against a black background, was found to be satisfactory. This 
mixture is immiscible with water and, when injected into the flow, 
forms small globules which retain their identity and, when il- 
luminated properly, are photographically discernible. Unlike 
the more common carbon tetrachloride-benzene solution, the 
mixture is not injurious to lucite. The tracers were released 
from a series of small capillary tubes arranged in the throat of 


4 Equality was satisfactory when globules remained suspended in a 
sample of the water. 
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the suction nozzle. Neglecting the minor surface-tension 
effect, the small tracers formed, '/s2 to 1/1s in. diam, may be 
considered to follow the same flow paths as the water itself. 

The tracer paths were recorded with a stereoscopic camera. 
The stereoscopic technique was necessary to establish the axial 
position or third dimension of the tracers in the passages. In 
Fig. 2 is shown the camera located above the periphery of the 
test impeller. A series of exposures were made on each plate with 
a controlled burst of flashes of a high-speed multiflash lamp. 
When the flash rate was matched properly with the impeller 
speed, the familiar golf-ball-type pictures resulted, Fig. 7. In 
this manner a number of positions of a tracer were recorded. To 
determine the tracer velocity, the stereophotographic images were 
projected back into space through the same lens system, that is, 
the camera was used as the projector and the space positions of 
the tracers at each interval of time were located. In this manner 
the angular, radial, and axial position of the center of each tracer 
group, the inclination of the group to the tangent, and the dis- 
placement of the tracers within the group were obtained. Know- 
ing the time interval, the average velocity of each group was 
calculated. The shaded peripheral zone in Fig. 4 indicates 
the region covered by the analysis. The centers of all tracer 
groups fell within this zone. 

The test impeller was operated at 150 rpm and a capacity of 
0.293 cfs. At this capacity it was possible to operate the im- 
peller both with and without the collector and hence make the 
comparative studies mentioned previously. The unit capacity 
for this operating point is 0.165, Fig. 11. Referred to the Grand 
Coulee prototype performance, this represents approximately a 
capacity 40 per cent above the maximum efficiency point and 
approximately coincides with the upper operating limit of that 
installation. 

Discussion of Results. Figs. 8 and 9 present the results of the 
tracer studies. The plotted points were all obtained from tracer 
groups selected at random, the only requirement being that they 
be within the zone under observation. 

The wide scatter of the data is most interesting. At first it 
might be thought to be experimental error. However, a varia- 
tion of +50 per cent cannot be attributed to experimental errors 
which did not exceed +2 per cent. The second explanation that 
might be proposed is that the scatter was caused in part by the 
inclusion of data at various impeller radii and depths within the 
zone. No correlation between these factors has been observed 
and hence this contention is not supported by experimental evi- 
dence. The scatter could be attributed to any asymmetry exist- 
ing in the flow through the impeller. However, tracer data were 
recorded in one specific channel and also in channels at random, 
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and no asymmetry could be detected. It is possible that large- 
scale turbulence, present in the incoming flow, might be the source 
of this dispersion of data. Dye-streak studies have been made 
in the impeller approach over a wide range of capacities. Large- 
scale turbulence was not observed until the dye streaks came 
into close proximity with the impeller passages. It is concluded 
that the point scatter is due to large-scale turbulence which de- 
velops within the impeller passages. 

It is interesting to note the increase in the scatter in the region 
near the trailing edge of the vane which strongly suggests an 
unstable flow condition. However, although an instability has 
been noticed in other photographic studies recently completed, 
a large rolling eddy has not been observed. The scarcity of 
points close to the trailing edge of the vane is a limitation im- 
posed by the photographic method employed. When a series of 
exposures are made on one plate, the vane images obscure that 
area. Stereoscopic high-speed motion pictures overcome this 
difficulty. 

The pronounced dips at mid-passage of the radial velocity Cmo, 
the relative discharge angle $2, and the absolute discharge angle 
a are the most striking features of the data. The decrease in 62 
is to be expected from theory. Likewise, theoretical considera- 
tions show that Cm, 82, and a2 must each be of equal magnitude 
at opposite sides of the vane passage, and this point is verified. 
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However, the Cn». profile is not yet substantiated by theory. 
Although a three-dimensional analytical solution of the problem 
is not available, the analysis of a two-dimensional straight radial- 
vane impeller indicates that, for that special case Cm2 varies 
almost sinusoidally about a uniform average through-flow, being 
least near the leading edge of the vane and greatest near the 
trailing edge. The present data do not show this trend to exist 
in a modern three-dimensional impeller. The a variation 
must necessarily follow the trend indicated, once Cmz and Be are 
established. 

The obvious dip present in the other plots is noticeably absent 
in the Cy. data. The points suggest that the time-average spe- 
cific energy about the periphery of an impeller is constant. 

The horizontal dotted lines represent values of Cm, Cus, B2, and 
a2 based upon the Wuler infinite-vane theory, namely, the relative 
discharge flow angle 62 equals the vane angle fe, and is every- 
where constant, and Cyn2 is constant about the periphery. It is 
interesting to note that the position of this line with respect to 
the averages of the test data is in agreement with theoretical 
deductions. The Euler line must represent the average radial 
velocity, whereas it should lie above the mean # and Cy. and 
below the mean az. 

The instantaneous absolute streamlines pictured in Fig. 10 
were sketched from a large number of data prints. The stream- 
lines are spaced at random and hence represent flow direction 
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only. It is interesting to note that in the region following the 
vane there is no evidence of backflow. 


DETERMINATION OF Heap-Capaciry CHARACTERISTICS 


Instrumentation. The inevitable losses involved in the use of a 
measuring point at any distance from the impeller made it de- 
sirable to use total head tubes close to the inlet and outlet to 
determine the energy of the inflow and outflow from the test im- 
peller. Although there is some doubt as to the correct reference 
pressure at the inlet, considerations of symmetry indicate that 
the total head at some point on the center line of the suction 
nozzle seemed to be a desirable location at which to measure the 
total head of the incoming flow. A total-head tube directed 
upstream was located at the inlet to the pump impeller at a point 
7/s in. below the plane of the intersections of the vane leading 
edges with the suction shroud. The total-head tube at the outlet 
was mounted on a rotatable mount and was retractible through a 
sleeve set at right angles to the axis of rotation. By these means 
the inlet to the total-head tube could be set at any predetermined 
distance from the impeller, and its axis could be aligned with 
the approaching flow. The direction of the flow at the nose of 
the total-head tube was determined by a probe carrying a fine 
thread. 

Since it has not been possible to obtain a pressure gage with 
an accuracy and frequency response sufficient to follow in detail 
the variations in total head, a damped water-column manometer 
connected directly to the metal total-head tube was used. The 
air side of the manometer was connected to the air space of a 
waterpot. The water side of the waterpot was supplied by the 
total-head tube at the inlet to the impeller; thus the differential 
head across the runner could be read directly. By adjusting the 
height of the water level in the pot a large range in head could be 
covered without great variations in the height of the water level 
in the manometer tube, Fig. 3. 

The question always arises in applications where the measured 
total head fluctuates, as to the meaning of the reading obtained 
by the manometer. Experiments were made to determine the 
influence of the damping imposed on the measuring head, and it 
was found that a large degree of damping gave steadier readings 
which were fully consistent with the mean readings obtained with 

Jess damping. Since the total-head tube measures a fluctuating 
energy level] directly, and since speed and flow contro] were of 
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such quality that the fluctuations could be considered a steady- 
state condition, a viscously damped system should read the true 
average total head. 

Variation of Total Head Across Outlet. Since the flow through 
a radial-flow pump involves essentially a change of direction 
from axial to radial, it was of interest to determine the variation 
in total Head between the lowermost streamline that emerges at 
the suction or lower shroud and the uppermost streamline that 
emerges at the back or upper shroud. This is particularly inter- 
esting in view of the velocity field observed photographically and 
discussed previously. A location was chosen for the total-head 
tube 1/;. in. distant from the periphery of the impeller. At this 
location the total-head tube was aligned with the mean streamline 
and traversed vertically across the width of the impeller. At the 
chosen flow rates it was found that the energy of the lowermost 
streamline was approximately 5 per cent greater than the energy 
of the uppérmost streamline. On the basis of these observations 
a location was chosen halfway between the two shrouds at the 
outlet for the subsequent work reported here. 

Influence of Prerotation on Accuracy of Observations. Experi- 
mental work on complete pumps has shown that the flow condi- 
tions in the inlet pipe are in many cases highly complex. This 
requires that justification be provided for measuring the inlet 
total head with the total-head tube close to the impeller at the 
center line of the suction nozzle. This was done in the following 
manner: 

The outlet total-head tube was set at 1/15in. from the periphery 
of the impeller at mid-width, and the total head change between 
the inlet and the outlet was recorded for a large range of flow 
rates. A typical run is shown in Fig. 11 which is a dimension- 
less head-capacity characteristic for the test impeller. Since it is 
reasonable to suppose that the inlet effects, if any, must decrease 
in intensity as one recedes further from the disturbing influence, 
other runs were made using the piezometer taps located after the 
inlet straightening vanes which are some distance upstream 
from the impeller inlet and guarantee a smooth velocity profile in 
the approach pipe. 

The results of these measurements are plotted in Fig. 11, in- 
cluding the necessary corrections for approach-velocity head, but 
omitting the small loss due to the friction of the finite length of 
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pipe between the piezometer taps and the impeller eye. This 
latter correction has not been applied to the typical run shown in 
Fig. 11 and would improve the agreement at the higher values 
of dimensionless capacity where its influence is appreciable. 

It should be observed that the points plot along the same line 
as the points determined using the total-head tube in the inlet. 
This is believed to indicate that in this installation the backflows 
which may exist do not affect the accuracy of the total-head tube 
in the eye. Since total head is the measure of the energy of the 
fluid at the point of measurement, it seems that there has been no 
energy supplied by the pump to the incoming fluid at the meas- 
uring point. Visual observations with dye introduced at the eye 
indicate that the disturbances in the eye are localized close to 
the vane leading edges. 

Impeller Characteristics. The type of observation discussed in 
the previous paragraphs may be used to study some of the de- 
tailed qualities of an impeller. Near the point of zero head, the 
head-capacity curve shown on the unit plot in Fig. 11 is closely 
linear. In the range of maximum efficiency of the prototype im- 
peller, the linearity has disappeared and the characteristic turns 
smoothly without discontinuities. At a value of C,2/u:. = 
0.075, the smooth trend of the characteristic is broken, and in 
this region a scatter of points was obtained which indicate that 
the operation of the impeller is unstable. The region of insta- 
bility is indicated by the dip in the characteristic. After this 
region is passed, unique values are again obtained for the dimen- 
sionless head. 

As a matter of interest, the unit characteristic of the prototype 
impeller is plotted in Fig. 11 and is marked ‘“‘GC-7 Vanes.” The 
zone of discontinuity for this impeller is marked by two vertical 
lines which fall in practical coincidence with the zone of dis- 
continuity of the six-vane test impeller. Work has not yet been 
completed on the five-vane impeller based on the same prototype 
to enable definite conclusions to be drawn from this coincidence. 
It indicates, however, that the position of the unstable range may 
depend primarily on the vane shape for impellers having suffi- 
cient vane overlap. 

Prerotation. It was observed very early in the experimental 
work that the impeller developed zero head at a flow which still 
showed a positive tangential component of absolute velocity at 
the outlet. This has been verified very carefully both by observa- 
tions of the absolute flow and by measurements with the total- 
head tube at the outlet. Since this condition requires that the 
flow enter the eye with a positive prerotation, there seems to be 
no doubt that such a phenomenon occurs, although visual evi- 
dence indicates that this is a local effect. The absolute angle of 
emergence of the flow at the periphery is quite acute and cannot 
be attributed to experimental error in the measurement of the 
direction of the outflow. 

Variation of Characteristic With Position of Outlet Total-Head 
Measurement. The type of total-head tube used in these investi- 
gations was not sensitive to yaw of the flow over the angles en- 
countered at the outlet of the impeller except, perhaps, in the 
neighborhood of the vane tips. The vane tips were left wide and 
unsharpened. When runs are made with the Pitot head further 
from the outlet than has been used in the previous experiments, 
lower total heads are measured. Fig. 11 shows a few points 
taken at 3/; in. from the periphery and */, in. from the periphery, 
and they define a characteristic lower than the one obtained 
with the measuring point 1/:sin. from the periphery. On the basis 
of present evidence it is not possible to explain this shift. Varia- 
tions in instrumentation have not caused any noticeable dif- 
ference in this phenomenon, and it cannot reasonably be ascribed 
to losses due to mixing or to the losses in the rudimentary collector 


ring. 
The lowest curve in Fig. 11 was obtained with the measuring 


1005, 


point distant from the periphery of the impeller before the be- 
havior of the total head near the impeller was noticed. This: 
curve represents a minimum and undoubtedly contains losses: 
due to the collector ring. 

The head-capacity line, based on an infinite number of vanes 
and the outlet vane angle, is also shown in Fig. 11, as well as two 
lines for six and seven vanes, based on Busemann’s (16) solution 
of the two-dimensional radial-flow impeller with a finite number 
of logarithmic spiral vanes. The displacement between the 
GC-7 vane characteristic and the Busemann line for seven 
vanes indicates that the characteristic for the test impeller is too 
high in relation to its corresponding Busemann line for six vanes. 
This indicates that the experimental data based on a measuring 
point very close to the outlet contain a systematic error. How- 
ever, this discrepancy does not affect the experimental procedure 
when general characteristics of the runner are being investigated 
and efficiency determinations are not involved. 

‘Influence of Collector Ring. The collector ring used in the de- 
termination of the characteristic consists of two parallel plates 
set apart the width of the outlet which were necessary to pre- 
vent air from striking back from the free surface. In order to 
throttle the outflow, one cylindrical ring was attached to the 
circumference of each collector-ring plate, and these could be 
set apart a determined amount. A systematic series of runs 
showed that in the range of operation there was no influence of 
the throttle gap on the measurements. 

Affinity Relation. The data presented in Fig. 11 were ob- 
tained at a rotative speed of 225 rpm; at this speed the maximum 
head reading was 2.06 ft. This permitted a high accuracy of 
measurement of the differential head except near zero head. 
Flow measurements were accurate to better than 1 per cent at 
all flows. 

With this accuracy available, another series of runs were made 
at 150 rpm to detect, if possible, the influence of rotative speed 
on the characteristic which could be significant at the low speeds 
used in these tests. The correspondence between the dimen- 
sionless head-capacity plots for the 225-rpm series and the 150- 
rpm series was complete within the accuracy of the experimental 
data. 
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Discussion 


A. J. Acosta.’ The need for a series of investigations on the 
individual elements of a hydraulic machine has been recognized 
for some time. Due to the somewhat inconclusive experimental 
results to date, it has been impossible to evaluate the separate 
effects of the components of a hydraulic machine. For that 
reason, the interpretation of observed phenomena and correla- 
tion with any real or perfect-fluid theory has lagged. Accord- 
ingly, the study of an impeller or volute, wherein its effects are 
isolated, should enable the laboratory to perform for the first 
time definitive tests as to the nature of flow in hydraulic ma- 
chinery. 

In reference to the plots of Cm2 and C2 (Fig. 8 of the paper), 
the authors state that there is as yet no theoretical justification 
for their behavior. The writer has had occasion to make an 
analysis of the flow of an inviscid incompressible fluid in a two- 
dimensional rotating-vane system. Jnasmuch as an “ideal” 
solution offers possibilities of interpreting test data, it seems per- 
tinent to present it now. The geometry of the chosen idealized 
impeller consists of eight logarithmic spiral vanes with a charac- 
teristic angle of 45 deg and a radius ratio of 0.5. The analysis 
involves the numerical evaluation of the differential equation 
governing the flow subject to appropriate boundary conditions. 
In the case considered, an absolute co-ordinate system (station- 
ary with respect to the inertial reference frame) was chosen so 
that the differential equation to be solved is Laplace’s equation 
in two dimensions, i.e., 0?U/dx? + 0?U/dy? = 0 where U is 
either the stream function or velocity potential for the flow. 
The boundary conditions are: (a) there is no flow through the 
vanes; (b) there is no flow around the tip of the vanes at exit. 
This latter condition is merely a statement of the Kutta-Joukow- 
sky principle for the flow around lifting surfaces. The vanes are 
taken to be infinitely thin, although this condition is not neces- 
sary for the solution of the problem. Finally, we require that 
the velocity diminish to zero at an infinitely great distance from 
the impeller. Then, to within an additive constant, the stream 
function and velocity potential for the flow are uniquely defined, 
and the velocities in the field may be computed from either. The 
flow rate through the impeller is accounted for by placing a line 
source at the origin. Rather than compute a number of solutions 
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for separate flow rates only two need be found, since the resulting 
velocity field within the impeller can be resolved into two parts, 
namely, (a) the flow due to the rotation of the vanes without any 
net through-flow (corresponding to shutoff head); (6) the flow 
from a source through a set of radially disposed stationary guide 
vanes. Solutions of this latter sort are available.6 Combined 
with the*present work which is only for zero flow rate, the flow 
for any operating point on the head flow-rate diagram may be 
obtained by taking a linear combination of (a) and (b). 

The solution itself was effected by the so-called “relaxation” 
method.’ Briefly, the method for solving Laplace’s equation is 
as follows: The value of the function in the region of interest is 
approximately determined at the intersecting points of a rec- 
tangular grid. Then, to the first order, the finite-difference 
equation representing Laplace’s equation is yi + Yo + v3 + Ys — 
4 Ayo = 0, where y: to ys are the values of the function at the 
nearest four intersecting points to the point 0. This equation is 
satisfied at each point in the region by a trial-and-error process. 
Ways in which this is readily accomplished are discussed by 
Southwell.? 

The solution was carried out by the method described, and 
from it the variation of the radial velocity across the impeller- 
exit section was determined and is shown in the accompanying 
diagram, Fig. 12. The value of the unit head at zero flow rate 
is 0.79, which is the same as that given by Busemann’s theory® 
for logarithmic vanes. Although it is unfortunate that the 
dimensions of the impeller chosen for analysis are somewhat 
different from those of the test impeller, the order of magnitude 
of the velocities and the general features of the flow will be the 
same. 

Comparing Fig. 8 of the paper with Fig. 12 computed by the 
writer, one sees that the dip in the radial-velocity distribution is 
substantiated by theory. For logarithmic vanes of the angle 
and radius ratio used in the analysis and for the test impeller, 
the radial-velocity variation at the impeller exit is nearly un- 
affected by the flow rate; so we are justified in comparing the 
variation at zero flow rate with that of the experiment. The 
range of variation seen in Fig. 8 is about a radial velocity of 
1 fps, or in a dimensionless form it is 0.15, arrived at by dividing 
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by the peripheral velocity. The maximum variation computed 
from the two-dimensional ideal fluid case is about AC m2/Us = 
0.14. The only noticeable departure in general trend between 
the two is found near the leading surface, where it is seen that 
the area of positive Cm: is much less for the computed case than 
for the test results. This is, however, the trend one would 
expect as the vane angle becomes steeper. 

As the authors mentioned, the dip apparent in the Cm, 82, and 
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a is not evident in the Cy (absolute tangential velocity at exit) 
plot. For the special case analyzed, the range of variation of 
C2 compared with the mean value was found to be 18 per cent, 
12.5 per cent being positive occurring at the boundary on the 
vane tip. It is, then, not surprising that a variation of this order 
of magnitude should not be observed on the authors’ plot, in 
view of the large point scatter. 

The general trend of the data presented is seen to follow that 
predicted by two-dimensional perfect-fluid theory, a surprising 
fact considering the high level of turbulence present in the flow. 
However, the limitations of perfect-fluid theory for flows of this 
sort are as yet unknown. The writer is interested in this prob- 
lem and hopes to see it explored further. 

This work was supported by the Office of Naval Research. 


AutHoRsS’ CLOSURE 


The authors thank Mr. Acosta for his discussion and consider 
it a valuable contribution. More complete and detailed studies 
made on a series of impellers since the completion of the paper in- 
dicate that in the region of the design point, the total head gen- 
erated by the impeller matches rather well (within 8 per cent) the 
ideal Busemann value, and also that the head-capacity curve of 
the free impeller follows very closely the ideal straight-line rela- 
tionship. In this region prerotation is nil; there is no separation 
within the passages and the discharge flow pattern is primarily 
two-dimensional. Hence, in this region, the two principal parame- 
ters present in the real fluid case but omitted in the ideal case 
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are viscosity, », and the temporal velocity variations at If 


through continued research the effects of these quantities on the 
ideal solution can be determined, an extremely powerful tool 
would be made available to the researcher and designer. 

Unfortunately, the whole picture is not quite as simple as might 
be inferred. At off-design points, observations show that the 
flow separates from the channel walls and follows unknown and 
indeterminate boundaries. Cross flows develop and the discharge 
flow pattern does not remain two-dimensional. These elements 
impose serious limitations on the potential approach in the very 
regions where its use to predict off-design point performance 
would be most desirable. On top of all this, it must be remem- 
bered that the ideal situation applies only to a free impeller; an 
impeller operating in an infinite fluid medium with stationary 
boundaries only at infinity. Tests have shown that the charac- 
teristics of the complete pump, consisting of impeller and case, 
differ widely from those of the free impeller at all points except 
the design point. Hence the effect of the volute must be con- 
sidered and incorporated in the final solution. 

It is not meant to imply by these remarks that the potential 
solution is considered either impractical or impossible. The in- 
tent of the authors is to point out the long road ahead and the 
vast areas yet to be explored, and to underline the statement that 
at these early stages of the work it is most gratifying to find a 
good correlation between potential theory and experiment in 
some parts of the field. 
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The Flow Through Centrifugal Compressors 
and Pumps 


By H. E. SHEETS,! AKRON, OHIO 


The flow through centrifugal compressors and pumps is 
a three-dimensional flow problem and is of such a com- 
plex nature that an exact solution is not obtainable. 
The literature (1, 2)? shows the differential equations 
which the flow through an impeller must follow. An 
approximate solution to these equations is found by means 
of certain assumptions which are possible for impellers 
within a limited range of specific speeds. The solution 
gives the approximate velocity and pressure distribution 
in the impeller passages. The knowledge of the velocity 
distribution is used to analyze the phenomena of pulsa- 
tion and blade stalling. The method has also been used 
in mixed-flow compressors and radial- and mixed-flow 
turbines. The application of this method for two impel- 
lers and test data are presented. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = distance between 2 blades normal to flow lines 
= absolute velocity 

= area 

= blade length 

mass 

= pressure 

= impeller radius 

= blade pitch 

= tip speed of impeller 

= relative velocity 

= blade number 

specific speed 

= total flow 

= blade radius of curvature 
= blade angle 

= specific weight 

= angular velocity 

= blade solidity 
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Indexes; 

2 = impeller exit 

1 = impeller inlet 

* = arbitrary point in impeller passage 
Other symbols will be defined in the text. 


DERIVATION OF APPROXIMATE SOLUTION—BLADE CENTER SuEC- 
TION 


The approximate solution of the flow problem considers the 
impeller-blade passage as a rotating channel for the center sec- 
tion. The first step is the determination of the approximate 
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velocity distribution in this center section, and then the solutions 
for the exit and inlet of the blade passage are added. The result 
gives the nonuniform velocity distribution throughout the entire 
blade passage. i 

This method is therefore limited to blade passages which are 
long enough to permit a division in three sections, and it is 
necessary that the center section, treated as a rotating channel, 
extend at least over a limited length. Therefore the proposed 
method is limited to a range of blade solidity 
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This definition for blade solidity is given in reference (3). 

Fig. 1 shows a schematic drawing of an impeller. For two- 
dimensional flow the blade width has a constant value, b = const. 
Considering the relative flow in the center section of the rotating 
channel in Fig. 1, we apply to the particle of mass dm the com- 


Forces 1n A Rotating CHANNEL WiTH BacKwARD CURVED 
VANES 


Fie. 1 


plementary forces dm rw* and dm 2ww. The normal acceleration 
toward the center of curvation is w?/R, and we have the equation 
of motion 


2 pa 
dm eS = df(p — p*) + dm 2ww — dm rw? cos B.... [2] 


for backward-curved vanes. 
Since 


1 
dm = dfdn— = df dn— 
g vg 
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and 

ST aeell jo Di 
and according to Fig. 1, taking dn positive from the low-velocity 
side of the blade to the high velocity side 


dr = dn cos B 
we get 
2 d dr 
Se = 095. + 2a — rat RHF. See [3] 


The energy equation of a streamline is 


—— ee d OSs © [4] 
SS SB => M090) Ae sn HO OE 
29 Dp 29 
For infinitely close-lying points it is with dw = w — w* 
d d 
ee oo —vdp + rw? ib ea en MO [5] 
g g 
Comparing Equations [3] and [5], we get 
w dw 
Se eC () ee 6 
pe <a = (6] 


for backward-curved vanes. For forward-curved vanes we get 


For the purpose of our approximate solution we make the as- 
sumption that the radius of curvature of the streamlines is ap- 
proximately constant for each line orthogonal to the flow lines. 
The radius of curvature may vary from vane inlet to exit. This 
assumption means 
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For the center section, Equation [7] is a good approximation, 
and for straight-bladed impellers it is correct. 
Then Equation [6] becomes 


For n = 0 the minimum velocity at the channel wall is desig- 
nated as w’ and the solution for Equation [8] becomes 


n 
wo = (wy —)9oR\e © 402GR... 0... 4 (9] 


Developing the exponential function into a series and omitting 
third and higher powers of n/R we get 


! =F U es 
w= w' + (2 R w ) (: 2) ee eds [10] 


Defining the mean velocity as 


a and b are the channel width and height, respectively. 
Substitution of Equation [10] in [11] and some transformation 
give us the following for the extreme local velocities at the channel 
wall: 
Minimum velocity for n = 0 
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The flow through the impeller can be divided into two parts, 
the “through flow” associated with w,, and the “displacement 
flow” associated with w. With w,, = 0 we get in Equations [12] 
and [13] the values for the displacement flow alone. 


Buave Exit 
It is known that the relative flow through a centrifugal im- 
peller can be expressed by a relative flow function as a sum 


YV=Hn+tw+y 
where 
¥1 = flow function for through flow 
¥2 = flow function for displacement flow 
Ws = flow function for circulation flow 


SHEETS—THE FLOW THROUGH CENTRIFUGAL COMPRESSORS AND PUMPS 


The flow functions y2 and ¥; must be of such a nature that the 
infinite velocity at the inlet edge caused by the through flow is 
neutralized. Stodola (1) has shown that the solutions of the 
flow function ¥2 and ¥; can be found by the membrane analogy or 
by torsional stress analogy. In the literature (4, 5) are published 
solutions for the stress analogy for a large number of simple 
shapes. 

To determine the shape of the blade-exit channel, we assume 
that the end effects extend a distance t2/2 = (D2/2z)mr from the 
end of the blade inward. This distance is taken along the mean 
flow line. A line orthogonal to the flow lines is the separation 
line between the center section and the blade exit. The velocity 
distribution up to the separation line is known according to 
Equations [12] and [13]. We have now to determine the varia- 
tion of the velocities from the separation line to the blade exit, 
where the velocity on both sides of the blade must be uniform and 
equal to the through-flow velocity. 

The shape of the blade exit thus determined is usually very 
simple so that the variation of velocity can be taken directly 
from the stress analogy for such shapes as sector of a circle, 
triangle, and many others. For more complex shapes, an ap- 
proximate solution can be found according to the energy method 
of the torsional problem as proposed by Ritz and Trefftz (4). 
With this method the velocity distribution can be found for any 
polygon-shaped channel exit. 

For an exit channel of nearly rectangular shape, the results of 
the stress analogy (5) show a velocity variation approximately 
according to a parabola from a known value at the separation line 
of the center section to zero at the blade exit. 


BuabDeE INLET 


The blade inlet can be treated like the blade exit. Therefore 
it becomes necessary to determine the shape of the blade-inlet 
channel. In this case we assume that inlet effects extend to a 
distance t; = D,7r/z from the blade inlet inward. This distance 
is taken along the mean flow line. A potential line orthogonal 
to the flow lines is the separation line between the center section 
and the blade inlet. The velocity distribution at the separation 
line is known according to Equations [12] and [13]. In this case 
we have to determine the velocity distribution from the stagna- 
tion point of the blade at the inlet to the known values at the 
separation line with the center section. 

The blade-inlet velocity distribution can be determined ac- 
cording to the method of Betz (6, 7), and Ackeret (8) for the 
axial inducer-type impeller. 

It is thus possible by starting with the calculation of the ve- 
locity distribution in the center section, according to Equations 
{12] and [13], to find the velocity distribution in the entire blade 
channel. 


THREE-DIMENSIONAL FLOW 


For three-dimensional flow the blade height is not constant 
and usually decreases from impeller inlet to impeller outlet. 
Frequently the flow turns in the vicinity of the impeller inlet from 
axial to radial direction. This means that the mean velocity 
Wm changes as a function of the blade height and must be deter- 
mined, 

At first we determine the absolute velocity c,, for the hypothetical 
case of the fluid flowing through a stationary impeller of identical 
shape. We designate the radius of curvature with p, and taking 
n again from the low-velocity side of the flow, i.e., the convex 
side in this case, we get from considerations similar to Equations 
[2] to [6] : 


dn dw 
p w 
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A graphical solution for the velocity distribution according to 
Equation [14] can be found according to the method of Flugel 
(Dy, 

Another method which permits direct calculation of the velocity 
distribution is possible if the impeller contours can be approxi- 
mated by two hyperbolas following the equation 


ie Eta OL wre BERNER ee oe 2 [15] 


Then the velocity calculated according to the basic equation 
from Durand (9) is 


Go = eee a/ (22)? Sahara fered ts AoE 
2a 


According to either method, the absolute velocity c,, is deter- 
mined for the mean streamline as well as for the inner and outer 
contours of the impeller, c,,; and ¢,,., respectively. 

The relative velocity is 


where 8 is the local blade angle at the location of c,,. Equation 
({17] assumes that the mean relative velocity follows the blade 
contour, and this assumption is justified for the center section 
or rotating channel of the impeller. For impellers within the 
specified solidity range, Equation [17] gives also a good approxi- 
mation for inlet and exit of the blade channel. 

For impellers with large inducers, Equation [17] must be re- 
placed for the blade-inlet condition by more accurate equations 
following the theory of axial machines (3). 

Thus w,,; and w,,, can be determined for the inner and outer 
contour of the impeller and these velocities exist at the mean 
streamline between two blades. 

Equation [17] cannot be used when large secondary flows occur, 
such as those caused by blade stalling or the impeller operating 
under considerably larger or smaller flow than design point. 


COMPRESSIBILITY AND FRICTION 


The effect of compressibility is taken into consideration by 
calculating the area of the impeller-flow channel for an arbitrary 
number of stations along the mean flow line. The velocity w,,* 
is calculated from the total flow on the basis of the known area 
and an estimated compressibility. Later w,,* is recalculated 
according to correct compressibility. The enthalpy increase from 
the conditions at the inlet to the compressor to an arbitrary sta- 
tion inside the impeller is 


* 


* 
Ue m= Ue ON SO Ge Gye” 


H* — Hy = 
; 29 29 2g 


.. [18] 


The first two terms in Equation [18] define the enthalpy in- 
crease in the impeller, and the last term defines the inlet depres- 
sion caused by the acceleration of flow from the known condi- 
tions to the impeller inlet. 

Part of this total enthalpy increase is transformed into pressure 
and the other part into heat. The amount of enthalpy trans- 
formed into pressure is defined as 

| . [19] 


Is p* k-1 
= 1. (H* — Ho) = RT |\{—] * — 
AHap no » | ae | : I( Po ); 


where 7; is the impeller channel efficiency, which is a function of 
the channel Reynolds number, turbulence, friction coefficient, and 
boundary-layer condition; 7, must be assumed on the basis of 
experience. 
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Equation [19] permits the calculation of the pressure rise 


(p*/po)ap. The temperature increase is 
le H*— dH 
eee [20] 
is Cy To J 


and the volume change becomes 


* px 
Je & Pa Wee on [21] 
Vo To p* AD 


The correct volumes and velocities can be calculated according 
to Equations [18] to [21], and the original estimate of the com- 
pressibility is replaced by the accurate value of Equation [21]. 
Thus the correct values of the velocity w,, in Equations [12] 
and [13] are calculated. Then the following velocities are 
calculated, at first on the basis of incompressible flow, w,,;; 
Wm» along the inner and outer contour of the impeller and the 
local velocities w’, w”; wi’, wi", w,’, and w,”, according to Kqua- 
tions [12] and [13]. If any of the foregoing velocities vary 
greatly from its corresponding value of w,,, the compressibility 
correction is calculated in the same manner. 

This analysis permits calculation of the impeller-velocity dis- 
tribution and gives a complete map of the velocity values for the 
three-dimensional compressible flow through the impeller. 

The velocity distribution shall be represented as a function of 
the blade length and, for dimensionless representation, the values 
shall be divided by tip speed and impeller-tip radius, respectively. 


AccuRACY OF APPROXIMATE SOLUTION 


For the theoretical case of two-dimensional flow through 
radial-flow impellers, we can compare the results of the approxi- 
mate solution with a flow analysis which has been calculated 
according to the relaxation method by Professor Emmons (10) 
for two types of impellers. In this report the velocity distribu- 
tion is determined separately for the through flow and the dis- 
placement flow. The two types of impellers, which have been 
analyzed, are a straight radial-vane, 6; = 90 deg, 22-blade unit, 
and a backward-curved 6, = 380 deg logarithmic spiral-blade 
unit. Both impellers have a radius ratio 7;/rz = 0.333, constant 
blade width b, and a solidity of « = 3.84. 

Fig. 2 compares the velocity distributions of the displacement 
flow for the straight radial-vane unit. The solid line shows the 
velocity distribution according to the relaxation method of 


/toW) 


‘ 
Ww 


APPROXIMATE | 
SOLUTION» ~i 


VELociITY (W 


RADIUS (%p) 


Fig. 2 Veuocity DistrinuTIonN or DispLAcEMENT FLOW FOR 


RaADIAL-VANED IMPELLER, z2 = 22 
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Fie. 3 Vexuocity DistrinuTion or DispLAcEMENT FLOW FOR 
IMPELLER WITH BAacKWARD-CURVED VANES, z = 11; B2 = 30 Drea 


Professor Emmons, and the dash line according to the approxi- 
mate solution of Equations [12] and [13] with w, = 0. A com- 
parison on the basis of the displacement flow will show any dis- 
crepancies more clearly because total flow consists of the sum of 
displacement flow and through flow. Fig. 3 shows the velocity 
distribution for the displacement flow for the backward-curved 
unit, again with the solid line and dash line indicating the values 
of the relaxation method and the approximate solution, respec- 
tively. The two results indicate very good agreement for almost 
the entire blade passage and justify the use of the approximate 
solution. 

We can also calculate the effect of finite blade number on the 
relative exit velocity. For the range of solidity under considera- 
tion this effect may be ascribed to the displacement flow only, 
and the influence of the circulation flow may be neglected (3). 
The calculation is identical with the stress or membrane-analogy 
methods discussed before, except that we calculate this time 
the velocity distribution along the impeller-exit diameter. This 
velocity distribution is again taken from the stress analogy. 
From the velocity distribution we calculate the mean value of 
this circumferential velocity Awy. This is the desired velocity 
correction for the finite number of blades. For nearly rec- 
tangular exit shapes, the velocity distribution is, as before, ap- 
proximately a parabola, and the maximum velocities are propor- 
tionate to the width and height of the shape. The maximum 
velocity on the sides of the exit shape exists at the separation line 
between the center section and exit section and is known from 
the values of Equations [12] and [13] with Wn = 0s 

The velocity Aw, has been calculated for the two cases mentioned 
previously. The values are compared with the values for Awy 
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TABLE 1 RELATIVE VELOCITY CORRECTION 


f Stodola? 
Relative velocity correction Awu 
Radial vanes 90 deg, z = 22 0.143 X uz 
Backward-curved vanes 30 deg, z = 11 0.143 XK ue 
2 Awy = wen X uz Reference (1). 


b’ Reference (3). 


calculated according to the theories of Stodola, Busemann, and 
Emmons. Table 1 shows the results. 

For the backward-curved impeller the theories of Busemann 
and Emmons agree with the results of this calculation, and, for 
the radial-vaned impeller, the results of this calculation agree 
with the theory of Busemann, but the value is somewhat above 
that of Emmons. 


PracticaL APPLICATIONS 


The application of the analysis will be shown for two cases. 
The first case relates to a compressor A which had a very narrow 
range of operation and pulsation outside this range of operation. 
An analysis of this impeller was suggested in order to find whether 
the range of operation could be improved. Fig. 4 shows the 
velocity distribution for this impeller. The vertical lines indicate 
the separation between the inlet, the center and exit section of the 
flow channel. The mean velocity w,, shows a decrease from inlet 
to exit of the impeller but does not permit any conclusion regard- 
ing the stability range of the unit. Backflow or pulsation of an 
impeller will start if the local velocity on the forward side of the 
blade becomes zero, and, in this impeller, the local velocity distri- 
bution indicates narrow range of operation. In this case the ve- 
locity difference w,, — w’ is a function of the angular velocity 
w and channel width a only, according to Equation [12], with 
R = o, and does not change with w,, in the critical region of 
lowest values of w’ on the forward side of the blade. Therefore 
a reduction in total flow of 13 per cent reduces the mean velocity in 
the same proportion and results in a value of mean velocity 
equal to w,, — w’ in the critical region; thus making the value 
of local velocity w’ on the forward side zero. Backflow will occur 
if the flow is reduced 13 per cent. 

Another item of importance is the amount of deceleration on 
either side of the blade per unit length. Too large an amount of 
deceleration causes high pressure gradients and stalling of the 
blades. While the velocity-distribution diagram permits pre- 
dicting pulsation caused by backflow, the stalling of the blades 
cannot be analyzed quantitatively from the diagram, because 
stalling is affected by boundary-layer thickness, turbulence, and 
blade finish. However, on the basis of comparison of similar ve- 
locity distributions, experience can be gained indicating which 
velocity distributions tend to avoid stalling. The large decelera- 
tions on both pressure and velocity side of the blade of impeller 
A indicate a danger of stalling and thick boundary layers even 
under normal] operation. 

The second case relates to a compressor which was designed by 
use of the foregoing velocity-distribution method. The speci- 
fications called for a pressure ratio of 3 at 40,000 ft altitude, a 
wide range of stability, and a certain maximum flow capacity. 
Since this unit was tested under sea-level conditions, the speci- 
fications were recalculated for sea-level conditions as follows: 


Flow, Q = 4850 cfm Q max = 5280 cfm 


Pressure ratio, p = 2.54 


_ VQ 


Speed, n = 19,600 rpm n, = 


In order to get the desired range of stability, the design point 


This 
Busemannb Emmons method 
Awu Awu Awu 
0.105 X ua 0.086 XK uz 0.108 X ue 
0.137 XK we 0.136 XK uz 0.137 XK uw 
600 
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Fic. 4 UNbDESIRABLE VeELOocITy DISTRIBUTION IMPELLER A 
(Dz = 13.25 in., uz = 700 fps, ne = 0.110.) 


SECTION A- 


Fig. 5 ImppLuer B, 14 SHort Vanss, 14 Futt Vanes 
was chosen 8 per cent below the point of maximum capacity. 
Fig. 5 shows this compressor. This impeller has 14 full vanes 
and 14 short vanes. Fig. 6 shows the velocity diagram with 
regard to the mean relative velocity for this impeller. The 
various regions of the flow channel are separated by vertical lines. 
The mean relative velocity shows decreasing values from inlet 
to exit, as well as a continuous change in decrease to the smaller 
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decelerations at the discharge end. The local velocites indicate 
the same characteristics on the high-pressure side of the blade, 
giving the largest decelerations at the blade entrance of the full 
and half-vanes, respectively. The low-pressure side of the blade 
shows little change in velocity, except at the discharge end of 
the blade and at the entrance into the half-vanes. The lowest 
value of local velocity occurs in a region where R = ~; there- 
fore, according to Equation [12], the velocity difference (w,, — 
w’) is a function of the angular velocity w and channel width a 
only. Thus, reducing the through flow 33 per cent results in a 
value of mean velocity equal to w,, — w’ in the critical region, 
1 = 0.70, and the value of the local velocity w’ becomes zero. 
This means that backflow has progressed to the center of the 
blade channel and pulsation will occur. The beginning of pulsa- 
tion can be analyzed by calculating the velocity distribution for 
the inner and outer contours of the impeller. From the curve, 
Fig. 6, it can be seen that this impeller would pulsate without the 
half-vane at its design flow and that half-vanes permit the ex- 
tension of the operating range by reducing the value of local ve- 
locities. 

Fig. 7 shows the velocity distribution of the impeller for the 
inner contour with the mean value w,,; and for the outer contour, 
mean value w,,,. All velocities have been calculated by taking 
into consideration an approximate value of the boundary-layer 
thickness. From the local velocity distribution a revised esti- 
mate of the stability range can be made. The lowest local ve- 
locity occurs on the forward side of the blade near the impeller 
disk. The critical value is again near the blade exit, 1 = 0.70, 
because in this region the value of w,,; is near its minimum value 
and R = ©. Thus (w,,;—w,’) is independent of w,,;, according 
to Equation [12]. Therefore a reduction of 27 per cent of the 
design capacity will result in the first local velocity value of w,’ = 
0 initiating backflow. At a slightly larger reduction, 28 per 
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cent of design capacity, the local velocity w’ also becomes zero 
in the second critical region at 1 = 4.45 near the inducer exit of 
the full vanes at the impeller disk. At this flow the local velocity 
value w’ in the critical region near the impeller exit is negative 
at the impeller disk and backflow progresses toward the center 
of the flow channel. 

The local velocity w,” on the back side of the blade close to the 
impeller shroud has the maximum value near the inducer inlet. 
This is the maximum value of velocity in the entire blade channel. 
An increase of 9 per cent above design capacity will result in the 
first occurrence of local sound velocity at this location. This 
analysis, therefore, indicates a total operating range of about 
36 per cent. 

Fig. 8 shows test data of the performance curve for this com- 
pressor at 1100 and 1140 fps tip speed. These performance 
curves indicate an operating range of 28 per cent from the design 
point to the beginning of pulsation, and a range of 10 per cent 
from the design point to maximum capacity, giving a total range 
of about 38 per cent at which the compressor efficiency is above | 
70 per cent. 

Therefore the performance curve verifies the predicted result of 
the velocity-distribution curves. The maximum efficiency is above 
79 per cent, and it should be remembered that this unit operates 
at an unusually low specific speed. Due to the instrumentation, 
flow losses in the 90-deg inlet turn are charged to the compressor 
efficiency. The entire performance of this compressor with re- 
gard to efficiency, pressure ratio, and stability is significant in 
that it was possible to calculate the performance of this unit and 
achieve the results shown in the curve, Fig. 8, without any modi- 
fications after tests. 
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CoNCLUSIONS 


The analysis permits calculation of the impeller velocity dis- 
tribution and gives a complete map of the velocity values for the 
three-dimensional compressible flow through the impeller of a 
compressor. 

The use of the velocity-distribution curves permits the predic- 
tion of pulsation of the compressor. Pulsation occurs when the 
local velocity reaches values of zero or below. 

A qualitative analysis can be made with regard to blade stall- 
ing by comparing velocity-distribution curves for similar types 
of impellers. The criterion for stalling may be defined as the 
deceleration per unit length ( Aw)/( Al), or the pressure gradient 
per unit length ( Ap)/( Al). 

In making the qualitative analysis it must be pointed out that 
stalling is a function of boundary-layer thickness, and the bound- 
ary layer is affected by centrifugal force which acts to remove the 
boundary layer from certain locations of the blade. Hence it 
may be stated that radially ending vanes, or vanes which easily 
permit complete removal of the boundary layer due to centrifu- 
gal force, can have considerably larger values of the local 
pressure gradients before stalling occurs. On the other hand, 
impellers with backward leading blades, or vane shapes which do 
not permit removal of the boundary layer by centrifugal force 
but only a relocation of the boundary layer, are much more sub- 
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ject to stalling, and frequently, in units with small blade exit 
angle, stalling occurs before pulsation (11). The analysis of the 
velocity distribution also leads to the conclusion that impellers 
of maximum efficiency should, within certain limits, have fewer 
blades, thus increasing the Reynolds number but decreasing 
stability. 

Finally, the flow in any machine is not frictionless but does fol- 
low the laws of an imperfect fluid. However, with the knowl- 
edge of the local velocity and pressure gradients, it should be’ 
possible to make better predictions about the behavior of the 
boundary layer and secondary flows. The knowledge of pressure 
gradients permits the application of the analysis of flow, in- 
cluding friction, as shown by J. R. Weske (12) and Goldstein 
(18), to these impellers. 

The proposed method is applicable to mixed-flow compressors 
and to radial and mixed-flow turbines as well. 
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Possibilities of the Regenerative Steam Cycle 
at ‘l'emperatures Up to 1600 F 


By P. H. KNOWLTON! anno R. W. HARTWELL? 


The regenerative-steam-cycle heat-rate gains that may 
be realized at temperatures up to 1600 F are presented in 
this paper. These gains are calculated for a theoretical 
cycle and also for a practical cycle wherein such losses as 
extraction-piping pressure drop, heater-terminal tem- 
perature differences, and the like, are considered. An 
economic evaluation of the anticipated turbine heat-rate 
differences for various throttle conditions is presented. 
This evaluation includes such factors as fuel costs, load 
characteristics, auxiliary-power requirements, boiler effi- 
ciencies, and annual fixed charges. A method of com- 
paring the heat-rate gains due to higher steam tempera- 
tures with those made possible by resuperheating is pro- 


vided. 


HE purpose of this paper is to present the results of a study 

of the theoretica] and practical possibilities of the regenera- 

tive steam cycle at throttle temperatures up to 1600 F. It 
also presents an economic evaluation of these gains which indicates 
the amount of capital investment which could be justified 
for the installation of high-temperature power-generating equip- 
ment.? 

As the cost of fuel increases, it becomes more important to 
evaluate the savings which might be effected by increasing the 
steam temperatures in the power plant of the future. Because 
of the wide general interest in this problem, the ASME Special 
Research Committee on High Temperature Steam Generation 
requested the authors to prepare a paper covering (1) the proba- 
ble thermal gains by the use of high-temperature steam in the 
regenerative cycle, and (2) the possible fuel savings that might 
result. 

The use of steam for electric power generation has been char- 
acterized by a fairly steady increase in the steam temperature. 
This has made possible steady gains in the thermal efficiency of 
steam power plants. The increase in maximum steam tempera- 
tures used in power plants constructed during the past 45 years is 
shown in Fig. 1. This curve shows that the temperature has 
increased an average of 12 F per year. Perhaps more impor- 
tant is that the temperatures increased in steps as new high- 
temperature materials became available. During the past 20 
years, temperatures have increased faster than the average rate of 
12 F per year. 


1 Thermodynamic Engineer, Turbine Divisions, General Electric 
Company, Schenectady, N. Y. Mem. ASME. 

2 Engineer, Mechanical Engineering Division, Engineering Depart- 
ment, The Detroit Edison Company, Detroit, Mich. Jun. ASME. 

3 The data on steam in all calculations are from ‘‘Thermodynamic 
Properties of Steam,” by J. H. Keenan and F. G. Keyes, John Wiley 
& Sons, Inc., New York, N. Y., 1936. 

Contributed by the Research Committee on High Temperature 
Steam Generation, Joint ASTM-ASME Committee on Effect of 
Temperature on the Properties of Metals, and Power and Heat 
Transfer Divisions and presented at the Annual Meeting, New York, 
N. Y., November 27—December 2, 1949, of THe AMERICAN SOCIETY 
or MEecHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-33. 
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% 1 Maximum TuHrotTute Steam TEMPERATURES FOR Past 
45-YnAR PERIOD 


THEORETICAL POSSIBILITIES AT HIGHER TEMPERATURES 


Selvey and Knowlton‘ published theoretical regenerative- 
steam-cycle heat rates for temperatures up to 1200 F and pres- 
sures up to 3200 psia. To facilitate a comparison over a wide 
range of pressure-temperature conditions, these data have been 
extended herein to 1600 F over the higher range of pressures, 
using the same theoretical cycle. As stated in the Selvey and 
Knowlton paper, the heat rates are for a regenerative steam cycle 
of the following component parts: 


1 A turbine, having no mechanical losses, through which 
steam is expanded at constant entropy (engine efficiency is 100 
per cent). 

2 A regenerative feedwater system having an infinite number 
of bled-steam heaters heating to the saturation temperature, 
corresponding to the throttle steam pressure, and with zero ter- 
minal difference between the saturation temperature of the bled 
steam and the temperature of the feedwater leaving the heater, 
even when superheat is present in bled steam, and an attendant 
feed pump of 100 per cent efficiency with each heater to step up 
the feedwater pressure to the level of the next higher heater. 

3 An electric generator of 100 per cent efficiency, which sup- 
plies, without line loss, the boiler feed pumps. 

4 A steam generator of 100 per cent efficiency, in which blow- 
down, soot-blowing losses, etc., are zero. 


Since energy required to drive fans, fuel equipment, general 
services, and so forth, is considered zero in a theoretical cycle, 
auxiliary-power usage other than that required for the boiler 
feed pumps, as described in item (2), is not included. 

The theoretical heat rates are given in Table 1 and are pre- 
sented in curve form in Fig. 2. This information shows that there 
is a steady improvement in the theoretical cycle economy with 
higher steam temperatures, but that the rate of improvement is 
diminishing as the temperatures are increased. Fig. 3 presents 
the theoretical heat-rate gains on a percentage basis with the 1250 
psia-950 F throttle condition as a base. These curves provide a 
means of comparing theoretical and practical heat rates. The 
latter are discussed in the following section. 


4 “Theoretical Regenerative-Steam-Cycle Heat Rates,’’ by A. M. 
Selvey and P. H. Knowlton, Trans. ASME, vol. 66, 1944, pp. 489- 
500; discussion, pp. 501-512. 
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y. 1 THEORETICAL REGENERATIVE STEAM-CYCLE HEAT 
eae RATES IN BTU PER KWHR 
(1 In. Hg abs Exhaust Pressure) 
t] 
oe a — Throttle temperature - 
psia 00OF 950F 1000F 1100 F 1200 F 1400 F 1600 F 
1000 7095 7993 6896 6802 6599 6412 
1250 6912 68677 6821 6729 6637 6457 6285 
1450 6792 6707 6620 6529 6358 6197 
2000 6542 6464 6384 6307 6156 6016 
2500 6378 6306 6232 6161 6020 5892 
3000 6246 6176 6109 6042 5912 5788 


@ Base condition assumed in Fig. 3. 
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Fig. 2 TuroreticaL REGENERATIVE STEAM-CycLeE Heat Rates 
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THROTTLE STEAM TEMPERATURE, F. 


Fig. 3 Per Cent CHANGE IN THEORETICAL CycLe Heat Rate 
Versus IniTIAL TEMPERATURE 
(Base condition, 1250 psia, 950 F, 1 in. Hg abs exhaust pressure.) 


PRactTICAL PossIBILITIES AT HiGHER TEMPERATURES 


Fig. 4 shows comparative per cent change in regenerative-cycle 
heat rates which are considered practical from the design and 
operating standpoint. These heat-rate changes, computed for 
the same high-temperature and pressure range as was selected 
for the theoretical heat-rate calculations, include the effects of 
such losses as extraction-piping pressure drop, heater-terminal 
temperature differences, etc. From a specified heat rate for a 
particular turbine generator, the heat rate for any other condition 
may be calculated with the data included in Fig. 4. 

As in Fig. 3, the base steam conditions chosen are 1250 psia, 
950 F. The per cent change in heat rate from this base condition 
to any other condition may therefore be read directly. If it is 
desired to obtain correctly the difference in heat rate between any 
other two sets of steam conditions in terms of the heat rate at 
one of these conditions, the difference, as read from Fig. 4, must 
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be corrected for the change in base. For example, if we wish to 
get the difference between heat rates at 1450 psia, 1250 F and at 
1450 psia, 1000 F, in terms of the heat rate at 1450 psia, 1000 
F, this difference is 


79—24 5.5 
(2.4) ~—« 0.976 
(100) 


= 5.6 per cent 


Practical Cycle Assumptions. In making the calculations to 


STEAM CONDITIONS TO THE LEFT 
OF THIS LINE RESULT IN 
UNUSUALLY HIGH EXHAUST 
WETNESS. 


860 PSIA 


CHANGE IN HEAT RATE, PER CENT 
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Ficg.4 Perr Cent CHANGE IN Practica Cycte Heat Rate Versus 
INITIAL TEMPERATURE 
(Base condition, 1250 psia, 950 F, 1 in. Hg abs exhaust pressure.) 


THROTTLE FLOW 
INITIAL 


FLOW TO BOILER 


B.F P. 
ASSUMPTIONS 

I~ TERMINAL DIFFERENCES AS INDICATED 

2-10% PRESSURE DROPS FROM STAGE TO HEATER 

3- STEAM PRESS. 860] 1250 }1450 | 2000 | 2500 || 3000 

4-B.FP. DISCH. PRESS. 1000] 1450]1700 | 2300 | 2900 |] 3450 

5- ENTHALPY RISE 


IN BF.P., BTU/LB. 41] 631 7.6] 103 | 129 15.4 
6- NO. OF HEATERS 4 5 6 e =) 10 
(CHANGING NUMBER OF H.P. HEATERS) 


7- BOILER FEED TEMP, F. 
380] 434] 458] sie | 556 | 590 
8-ENTHALPY RISE IN CONDENSATE PUMP 06 BIU/LB. 


Fie. 5 Pracrican Cycte Hrarer ARRANGEMENT FOR Hpat-RateE 
CALCULATIONS 


arrive at the values plotted in Fig. 4, the following assumptions 
have been made: 


1 The cycle arrangement and associated apparatus have been 
assumed to be as shown in Fig. 5 which presents the same arrange- 
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ment as was used by Harris and White.® The present calcula- 


; tions have been extended to higher temperatures and pressures 


than those assumed by Harris and White and are based upon 
somewhat lower boiler feedwater temperatures. Power re- 
quired to drive the boiler feed pump has been deducted from 
the generator terminal output. 

2 As was done in the Harris and White paper, turbine and 
generator efficiencies have been assumed to correspond to those 
obtained in present-day turbine generators. The turbine-gen- 
erator efficiency assumptions correspond to those made by Warren 
and Knowlton.* This implies that at temperatures above pres- 
ent-day levels, new features of turbine design, or new materials, 
or both, must be developed if the general level of efficiency ob- 
tained in the past is to be maintained. 

3 The exhaust loss from the turbine has been assumed to be 
a constant fraction of the turbine power output for all steam 
conditions. 

4 It is assumed that the turbine-generator output is about 
100,000 kw. This must be borne in mind particularly when 
comparing the heat rates at various initial pressures, since tur- 
bines of smaller capacities than 100,000 kw probably would show 
poorer relative performance at the higher pressures. 


Steam Flows. Throttle and condenser steam rates, based on 
the practical cycle assumptions, have been computed to indicate 
the relative size of the generating equipment. The throttle and 


THROTTLE STEAM RATE, LBS. PER KWHR 


>800 1100 
THROTTLE STEAM TEMPERATURE, F. 


00 


13 1500 
1200 1400 1600 


Fic. 6 TuHrotrus Steam Rate Versus IniTIAL TEMPpRATURE 
(1 in. Hg abs exhaust pressure.) 


condenser steam rates are presented in Figs. 6 and 7, respectively. 
These are shown on the basis of the generator-terminal output, 
whereas the heat-rate change curves, Fig. 4, show the net change 
after deduction of boiler-feed-pump power from the generator- 
terminal output. 


Heat-Ratn-DIFFERENCE EVALUATION 
In considering the merits of one steam condition over another, 


5 “Developments in Resuperheating in Steam Power Plants,” by 
B. E. Harris and A. O. White, Trans. ASME, vol. 71, 1949, pp. 685. 

6 ‘‘Relative Engine Efficiency Realizable From Large Modern 
Steam-Turbine Generator Units,” by G. B. Warren and P. H. 
Knowlton, Trans. ASME, vol. 63, 1941, pp. 125-135. 
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it is desirable to evaluate the anticipated difference in heat rates. 
Because the practical heat rates represent results which at present 
appear possible at the higher steam conditions, these anticipated 
heat rates were used in this evaluation rather than the theoretical 
heat rates. 

Basic Factors. The basic factors included in this evaluation 
are the cost of fuel, load characteristics, auxiliary-power require-- 
ments, boiler efficiency, turbine heat rates, and annual fixed 
charges on plant investment. Table 2 presents the results of an 
evaluation of heat-rate differences wherein a base condition of 
1250 psia, 950 F has been used for comparing all of the other 
conditions. The figures shown in Table 2 represent the additional 
investment in dollars over the cost of 100,000 kw of 1250 psia 
950 F capacity that is justified by the differences in heat rates. 
In computing the data it was assumed that plant availability 
and operating and maintenance personnel would be the same in 
all cases. No attempt was made to allow for possible differences 
in the extent of maintenance required. 

Cost of Fuel. A 10-cent to 35-cent per million Btu fuel-cost 
range has been covered in the evaluation. 

Load Characteristics. An annual plant-factor variation from 50 
to 80 per cent has been included in the tabulation. The annual 
plant factor is the ratio of the kilowatthours generated on the 
machine in a year to the product of the kilowatt nameplate rating 
times 8760. 

Ausxtliary-Power Requirements. The following types of pulver- 
ized-coal-fired boilers were assumed in computing fan and mill 
power requirements. 


CONDENSER STEAM RATE-LBS. PER KWHR 


3.0 
900 1000 
THROTTLE STEAM TEMPERATURE, F. 


N00 1200 1300 1400 1500 1600 


Fia. 7 ConpDENSER STEAM Rate VERSUS INITIAL TEMPERATURE 


(a) For throttle pressures up to and including 2000 psia; 
natural-circulation boilers. 

(b) For 2500 psia throttle pressure; steamotive-cycle boilers 
with recirculating pumps which handle 130 per cent of steam 
flow. 

(c) For 3000 psia throttle pressure; 
circulation-cycle boilers. 


once-through forced- 


Allowances for miscellaneous auxiliary-power demands were in- 
cluded in all cases. 

Boiler Efficiency. A boiler manufacturer indicated that even 
with feedwater temperatures approaching 600 F on these high- 
pressure high-temperature boilers, the exit-gas temperature could 
be held to about 300 F. Assuming pulverized-coal boilers oper- 
ating with an average grade of coal, it was estimated that boiler 
efficiencies would vary from 87.7 to 88.8 per cent, depending upon 
the feedwater temperature. 


OCTOBER, 1950 
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Turbine Heat Rates, Turbine heat-rate differences represented 
| in Fig. 4, which are based on the practical values, were used in 
the evaluation. 

Annual Fixed Charges. An annual fixed-charge rate of 10 per 
cent was assumed in computing the justified additional invest- 
ments. The investment figures shown in Table 2 may be ad- 
justed for other fixed-charge rates as follows: 


0.10 


Investment from Table 2 * ———————_____- 
Abia New fixed charge rate 


= adjusted investment 
Example. An example will illustrate the use of Table 2. 
Throttle conditions to be compared: 1450 psia, 1000 F 

3000 psia, 1400 F 


Assumptions: 
Goal, costetilshae oldies 20 cents per million Btu 
Annual plant factor..... 60 per cent 
Fixed-charge rate....... 10 per cent 
Additional investment figures from Table 2: 
DAS: psiay gl QOOE sc siescxcuss ashen) Sepsis ccheys $ 259,000 
SOQO0MS1g, LAO0 By ati radeve carhh ieyldacrss 1,503,000 


The amount that could be spent for 100 mw of 3000 psia, 
1400 F capacity over the cost of a 1450 psia, 1000 F installation 
is 

$1,503,000 — 259,000 = $1,244,000 


Hicu Steam TEMPERATURES VERSUS RESUPERHEATING 


It is of interest to compare the heat-rate gains resulting from 
higher steam temperatures with those made possible by resuper- 
heating. An approximate comparison may be made directly 
by comparing gains shown in Fig. 4 with various charts by Harris 
and White, and by Reynolds.?. These two references do not 
exactly agree on the gain due to reheat, presumably because of 
differences in the assumptions made by the authors in setting up 
their calculations. 

The assumptions made by Harris and White differ from those 
made in this paper on the following points: 


1 The boiler feed temperatures are lower in the present case 
than were assumed by Harris and White. This difference makes 
a minor change in the gain due to reheat. For the order of mag- 
nitude of the effect of this on the reheat gain, refer to Reynolds’ 
paper.® 

2 The heat-rate gains in Fig. 4 of the present paper are on 
the basis of a fixed percentage exhaust loss, whereas Harris and 
White assumed, in calculating their reheat gain, that their non- 
reheat machines had a 4.5 per cent exhaust loss and their reheat 
machine a lesser exhaust loss obtainable from keeping the same 
exhaust-end size and the same rating for their reheat turbine. 
The assumptions made by Reynolds regarding the exhaust 
loss as between reheat and nonreheat are not stated in his paper. 


However, we are able in the present case to show the effect of 
considering either two cases: 


(a) The use of a “constant percentage exhaust loss,” regardless 
of throttle-steam conditions. In this case, as we proceed to higher 
throttle temperatures, the exhaust size per unit rating decreases, 
and the gains expected are as shown in Fig. 4. 

(b) The use of a “constant size of exhaust per unit rating,” 
regardless of throttle-steam conditions. In this case, the per- 
centage exhaust loss decreases when throttle temperature in- 
creases, and a further gain results from this, over and above the 
gains indicated in Fig. 4. The magnitude of this change in ex- 
haust loss can be calculated by the use of Fig. 8, if the exhaust 


by R. L. Reynolds, Trans. 


7“Reheating in Steam Turbines,” 
ASME, vol. 71, 1949, pp. 701-706. 
§ Ibid., Fig. 5. 
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RELATIVE EXHAUST LOSS 
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Fie. 8 Reuative Exnaust Loss Versus Initia TEMPERATURE 


loss at a base condition is known. For any two sets of steam 
conditions shown on Fig. 8, the ratio of exhaust-loss percentage 
is the ratio of the ordinates therein. 


An example will illustrate this point: 


Assume a base condition of 1450 psia, 1000 F, and compare 
heat-rate gains due to the following: 


1 Reheat to 1000 F at 450-psia reheat pressure. 
2 Raising throttle temperature to 1250 F, nonreheat. 


The answer to (1) can be read from Harris and White® as 5.2 
per cent gain due to reheat, on the basis of constant exhaust size 
per unit rating. 

The answer to (2) is given here in two parts, corresponding to 
the foregoing items (a) and (b), as follows: 


(a) For constant percentage exhaust loss from Fig. 4, the gain 
at 1450 psia, 1000 F is 2.4 per cent, and at 1450 psia, 1250 ¥ 


7.9 —2.4 
This gi in of ————— 
1s gives a net gain o 10.024 


(b) For constant size of exhaust per unit rating, the relative 
exhaust-loss factors from Fig. 8 are as follows: 


1450; psia;{ 1000 Asis eta eas 
IAD Gosh PANIIT MUO eee on Seco s Ue ac 


is 7.9 per cent. = 5.6 per cent. 


0.66 
Revised exhaust-loss percentage from the assumed 4.5 per cent 


4.5 xX io 3.4 t 
n So By rT 
0.89 per cen 


Additional heat-rate gain due to exhaust-loss correction 
4.5 — 3.4 = 1.1 per cent 

Total gain due to temperature increase 
5.6 + 1.1 = 6.7 per cent 


It will be noted that the additional gain due to a change in the 
exhaust loss with fixed exhaust size depends directly upon the 
magnitude of the exhaust loss itself. 

In comparing heat-rate gains due to higher steam temperatures 
with those made possible by resuperheating as presented by 
Harris and White, an exact evaluation should include the exhaust- 
loss correction described in item (b). 


CoNCLUSION 


The curves for practical performance in Fig. 4 exhibit trends 
similar to those for the theoretical performance in Fig. 3. How- 
ever it will be seen that the practical cycle shows less improve- 


® Footnote 5, Fig. 11. 
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ment with increasing pressure, and more improvement with in- 
creasing temperature, than the theoretical cycle. This relation- 
ship results from the fact that the practical turbine loses in effi- 
ciency with increasing pressure, and gains in efficiency with in- 
creasing temperature, while the theoretical turbine is assumed to 
be always 100 per cent efficient. These trends are not at all new; 
the only novel feature is the extrapolation of the trends to show 
what economies may be expected at temperatures up to 1600 F 
and pressures up to 3000 psia. It is believed that this has been 
done in a reasonable manner consistent with past practice. 

Use of steam temperatures in power plants above the present 
maximum of 1050 F will depend on the development of suitable 
materials for the higher temperatures and on the design of ac- 
ceptable equipment, particularly boilers and turbines, at a cost 
commensurate with the thermal gains to be realized. Since the 
costs of such materials and equipment are not presently availa- 
ble, this paper has presented only the total investment which 
could be justified on the basis of the thermal gains expected at 
the higher steam conditions. 
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Discussion 


W. E. Catpwetu. This paper indicates the thermal perform- 
ance and evaluated savings obtainable by increasing initial steam 
temperature for the regenerative steam cycle. This cycle offers 
advantages over the reheat cycle, from the standpoint of sim- 
plicity, although it would result in more water in the exhaust 
stages for the same heat rate. It is indicated that an initial tem- 
perature of about 1170 F with the regenerative cycle would yield 
about the same heat rate as a 1000-1000 reheat cycle with the 
same initial pressure and heater arrangement. In the arrange- 
ment of heating stages and distribution of extraction heaters, the 
regenerative cycle offers more attractive thermal possibilities 
than the reheat cycle. The question of economic justification for 
the regenerative cycle above present temperature limits must 
await practical developments in high-temperature metallurgy. 

In both the reheat and high-temperature regenerative cycles 
the improved performance results from utilization of-a larger 
proportion of high-level heat than is presently employed, which 
aggravates surface-cleaning problems in the boiler plant, aside 
from metallurgical considerations. 

In a 1000-1000 reheat cycle, the heat required to superheat 
the steam and reheat it is equivalent to a drop of about 1350 deg 
F in boiler gas temperature. To this must be added 600 deg F 
saturation temperature, 200 deg F for temperature difference 
or heat head between gas and steam, and 150 deg F for gas strati- 
fication, resulting in temperature zones above 2200 F in the 
superheater bank. With the equivalent regenerative cycle a 
lower gas temperature suffices, but in both cases the required gas 
temperature is substantially above 2000 F, which is the approxi- 
mate rejection limit for some abundant low-cost coals with low- 
fusion ash. Improvements in design and disposition of the 
superheater surface should, in time, lessen the cleaning require- 
ments and extend the range of acceptable fuels for high-tempera- 
ture installations. Geographical location of plants and char- 
acteristics of available fuels will continue to be a major considera- 
tion in the choice of steam conditions. 


10 Staff Engineer, Consolidated Edison Company of New York, 
Inc., New York, N.Y. Mem. ASME. 


TRANSACTIONS OF THE ASME 


OCTOBER, 1950 


This paper exemplifies our dependence upon the steam tables, 
and some comments on their use for the higher temperatures 
would be of interest. The upper temperature line on Mollier 
charts with the 1936 tables ends at 1200 F. Was a condition 
curve plotted for the expansions from the various initial tempera- 
ture, or was some other procedure employed? 


i. E. Harris." This paper will be a very useful tool for the 
industry. The user will be able to compare the gains to be ex- 
pected as well as the amount of additional money that may be 
justified for obtaining a gain in station economy. 

This paper, together with the paper by E. E. Harris and A. O. 
White,® will give the user considerable information that may be 
used for determining the future trend in the power-plant field. 

Fig. 4 of the paper was obtained from calculations that were made 
for the Harris and White paper with additional calculations 
made for the higher pressures and temperatures. The added cal- 
culations followed the same method as was used in the original 
paper, correcting for volume flow, pressure, and superheat, the 
superheat correction taking into account the change in moisture. 
It was. assumed, in making the calculations and arriving at the 
gains to be obtained with higher pressures and temperatures, that 
materials will be available as well as design and ability to build ~ 
such turbine units without sacrificing efficiency or gain. 

At 1450 psia, 1000 F initial conditions, reheating to 1000 F will 
show a gain of approximately 5 per cent in station heat rate. 
If the same gain is to be obtained by operating at a higher initial 
temperature without reheat, the initial temperature will be about 
1175 F. The 5 per cent gain in heat rate will justify an expendi- 
ture of $632,000 over 1450 psia, 1000 F nonreheat with a coal cost 
of 30 cents per million Btu and 60 per cent annual plant factor. 
It is felt that a reheat station will have a lower increment cost 
than the nonreheat plant with 1175 deg to obtain the same gain. 

Sometime in the future, materials will be available as well as 
design and know-how for building units for the higher tempera- 
tures for nonreheat. When such information is available, re- 
heating to the same initial temperature may be used with approxi- 
mately the 5 per cent gain over the nonreheat plant. 


A. i. Raynor.” The authors have made an interesting and 
useful survey which should be helpful to those who are looking 
forward to the time when they may find it desirable to go to 
higher pressures and higher temperatures. Dollar values have 
been established and given in Table 2, which indicate approxi- 
mately how much may be spent economically for the higher pres- 
sures and higher temperatures. 

The data are presented with the bases used in establishing the 
dollar values, so that corrections may be made readily by anyone 
wishing to modify these data and correct for conditions which may 
differ somewhat from those arbitrarily used by the authors. Any 
correction which the user may wish to make, such as a different 
value for fixed charges, annual plant factor, etc., can be made 
readily, the additional justified investment quickly determined, 
and proper design conditions established. 

The authors have been wise in extending the pressures to 3000 
psia and the temperatures to 1600 F, even though manufacturers 
are not now equipped with materials to satisfy, particularly, the 
higher temperatures. It may be that we are now in a similar 
situation to the designers of, say, 20 years ago, when a tempera- 
ture of 1050 F appeared to be very far in the future. However, 
in about 20 years, temperatures have gone from something less 
than 800 F to 1050 F, and higher temperatures will be used 
when satisfactory materials are available. Inasmuch as the wall 


11 General Electric Company, Schenectady, N. Y. 
2 Executive Assistant, New York Proposition Division, The Bab- 
cock & Wilcox Company, New York, N. Y. Mem. ASME. 
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used in the hot end of superheaters designed for 2300 psia and 1050 
F are 0.56 in. thick, leaving but little internal area for the flow of 
steam, it is quite obvious that temperatures much higher than 
1050 F will call for metals with higher available stresses than those 
currently being used. Many engineers in the steel and allied 
industries are working on this problem, and time alone will 
tell when the better high-temperature materials will be available 
for use. When one considers the economies gained by the use of 
higher temperatures, it may be that some will find it desirable to 
use higher temperatures even at the risk of shorter life of the 
material in the hot portions of the superheater, piping, and tur- 
bines. Therefore earlier replacement of parts of the equipment 
than now contemplated may be economically justified. 

The authors indicate that, based upon certain assumptions, 
$1,244,000 more may be spent for a 100,000-kw plant designed 
for 3000 psia, 1400 F than for a 1450 psia-1000 F installation. 
Using the same assumptions, $773,000 more may be spent for a 
2500 psia-1200 F installation than a 1450 psia-1000 F unit. In 
either case a considerable amount of money is involved. This 
alternative example is used because metals are already available 
and being used in reheat designs for 2080 psi 1050 F and 1000 F 
reheat, also 1500 psia 1000 F-1000 F reheat. The latter is about 
equivalent in cycle efficiency to the nonreheat 2500 psia-1200 F 
unit. 

This presumably accounts for several companies purchasing 
reheat units during the past few years, the steam conditions 
being about as follows: 


1300 psia, 950 F and 950 F reheat 
1500 psia, 1000 F and 1000 F reheat 
2080 psia, 1050 F and 1000 F reheat 
Design engineers have had and will continue to have problems 
where a considerable amount of judgment is required in deter- 
mining the best pressure and temperature to satisfy the condi- 
tions of a given project. The data submitted in this paper 
should be helpful in future studies and encourage engineers and 
metallurgists to solve the material problem as rapidly as possible 
in order that higher temperature metals may be available for 
early use. 


R. L. Reynowps.'* In this paper the authors present the 
thermal advantages of high pressures and temperatures and point 
out the additional investment which can be justified by these re- 
ductions in fuel costs. Such a comparison with what are now 
considered established steam conditions (1250 psia, 950 F) will 
serve as a valuable guide for analyzing the benefits to be derived 
from these increased steam pressures and temperatures. It also 
offers a challenge to designers of steam generators and turbines 
to develop equipment to meet these advanced conditions. 

Of particular interest are the curves in Fig. 4, which show the 
change in heat rates for pressures from 860 to 3000 psia and tem- 
peratures from 900 to 1600 F. We feel that the values given on 
these curves are consistent with past practice and are reasonable 
estimates of what can be expected in the future, provided devel- 
opments in design and materials keep pace with increases in 
steam pressures and temperatures. 

At the present time the maximum operating steam tempera- 
ture on central-station turbines is 1050 F. Although operation 
at this temperature, in general, has been satisfactory, further 
successful operation should be experienced before extending this 
limit materially. In the meantime a thermal gain equivalent to 
about 175 deg F increase in throttle temperature can be realized 
by the use of the reheat cycle. 

13 Land Turbine Engineering, Central Station Turbine Section, 
Westinghouse Electric Corporation, South Philadelphia, Pa. Mem. 
ASME. 
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The authors refer to the writer’s paper,’ and point out that 
values for thermal improvement derived from the reheat cycle do 
not agree with those given by Harris and White, due to differ- 
ences in the assumptions made. 

These differences in assumptions are as follows: 


(a) The writer’s comparisons were made upon the turbine 
alone. It was pointed out that additional advantages were ob- 
tained due to a reduction of from 15 to 18 per cent in boiler- 
feed-pump power, but this factor was not included. Power re- 
quirements for condenser and boiler auxiliaries are also reduced 
by the use of the reheat cycle. 

(b) The writer’s data were based upon 1.5 in. Hg abs exhaust 
pressure, as compared with 1.0 in. Hg used by Harris and White. 
The increased exhaust pressure results in a smaller differential in 
the thermal advantages of the reheat cycle. 

(c) The writer’s values also were based upon a constant exhaust 
loss expressed in Btu per pound. It was pointed out that, if 
constant exhaust area for a given set of initial steam conditions 
were used, the 7 or 8 per cent decrease in exhaust volume would 
result in a decrease in exhaust loss and thus increase the thermal 
benefits from the reheat cycle. 


When reduced to the same basis, the values given by Harris 
and White agree quite closely with the writer’s. 

The evaluation figures tabulated in the authors’ paper have 
been based upon the assumption that equal reliability can be ob- 
tained for all sets of conditions. This may at first appear unjusti- 
fied and certainly would be if the increased temperatures were 
attempted at this time, but, when operating experiences over a 
long period of time are studied, it is evident that the reliability 
of steam turbines is now higher than ever, despite a large increase 
in steam pressures and temperatures. Although each new step 
may result temporarily in some reduction in reliability until the 
problems associated with this advance are solved, we feel that, 
if these changes are made gradually and in a fundamentally 
sound manner, no decrease in reliability will be suffered. 


L. B. Scourtmr.!4 The authors have performed an excellent 
service in projecting the useful data on steam-electric unit heat 
rates into the field of higher steam temperatures, even into the 
extremes where most of us will probably never see their practical 
realization. However they give us an important sense of direc- 
tion and show that there are real possibilities if we do not accept 
half-way measures in many respects. 

The problem of whether to adopt higher steam temperatures 
rapidly resolves itself into some simple but definite economic 
limitations. The extremely high cost of alloy materials suitable 
for higher temperatures is the heart of the problem. The turbine 
builders already have taken the big step in going to austenitic 
materials for the high-temperature portion of the 1050 F units. 
It should be possible to extend the application of these materials 
up to about 1200 F for turbine construction. 

The superheater design, wherein maximum metal temperatures 
are usually about 100 deg F higher than the steam tempera- 
ture, indicates a limit of about 1000 F for the lower-cost ferritic- 
alloy materials. Higher temperatures involve correspondingly 
greater quantities of costly austenitic-alloy tubing—all based upon 
present allowable stresses as established by the ASME Boiler Con- 
struction Code. These present allowable stresses, while pre- 
sumably based on reasonably long life along with a substantial 
safety factor, often represent conditions of indefinite life, say, 
more than 40 years. In these cases, and there are many of them, 
an extremely high initial investment is made in materials which 
might be difficult to justify in the light of experience. 


14 Bngineer, Mechanical Engineering Division, American Gas & 
Electric Service Corporation, New York, N. Y. Mem. ASME. 
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It is proposed that designers and users give consideration to 
the relative merits of designing superheater and reheater mate- 
rials, particularly in the extreme high-temperature zones, with 
the deliberate intent that they shall have a limiting life, probably 
somewhere between 5 and 20 years. Careful studies of this pro- 
posal appear warranted, particularly in the light of substantial 
experience along these very lines in oil-cracking-still units. If 
studies indicate possible economic merit, then it becomes neces- 
sary to establish another set of higher allowable stresses, to be 
used in such applications, by the appropriate regulatory bodies. 

On the basis of a double-stress standard, a preselected portion 
of a superheater or reheater could be built to long or short-life 
standards, as desired, with the manufacturer and purchaser work- 
ing out the best over-all arrangement, and with the user being 
reconciled to periodic replacement of a small portion of the super- 
heater or reheater. If it were limited to superheater and reheater 
tubing materials only, and up to a limiting tube diameter, the 
safety element would be kept adequately under control. 

The ASME Special Research Committee on High Temperature 
Steam Generation is embarking on a broad program of research to 
investigate materials which are suitable for steam temperatures 
up to 1500 F. 

It seems advisable that an analytical study of the proposed 
double-stress standard be made at once so that the research work 
can be planned more effectively. This study can and should be 
made jointly by manufacturers and users to arrive at the proper 
relationship of physical and economic limitations. 


Autuors’ CLosuRE 


The authors agree with Mr. Caldwell and Mr. Harris in their 
finding that the data presented show that an increase by about 
175 F in initial temperature gives a gain in heat rate equivalent 
to that obtainable from reheat, and that at present this gain is 
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more economically obtained from reheat than from such a con- 
siderable increase in temperature. 

The authors are grateful to Mr. Caldwell for inquiring as to 
how the turbine calculations were made. This point probably 
should have been more fully covered in the paper. The Keenan 
and Keyes Steam Table extends to 1600 F (the chart is plotted 
only to 1200 F) although very much skeletonized above 1200 F. 
It was necessary to extend the chart to 1600 F and fill in inter- 
mediate values between those given in the table by calculation. 
This was done by graphical means, using a large-scale plot of the 
constant-pressure specific heat to smoothly interpolate between 
table values. No extrapolation was necessary. The chart thus 
extended was used for plotting the turbine expansion lines, in 
accordance with the assumptions as stated in the paper. 

Mr. Raynor’s remarks concerning tube thicknesses presently 
required illustrate very well the necessity for stronger materials 
for very. elevated temperatures. His suggestion that perhaps 
some parts should be considered as requiring more frequent re- 
placement is interesting, but it is not clear that such considera- 
tions would result in any economic improvement. 

The authors are also grateful for Mr. Reynolds’ statements, 
both as to general corroboration of the findings of the present 
paper, and as to clarification of his own previous paper, reference — 
7. Further, the authors are in agreement with Mr. Reynolds’ 
remarks concerning relative reliability. 

Mr. Schueler’s statements are quite to the point. The high 
cost of satisfactory materials, according to present knowledge, 
is the main reason why higher temperatures are not presently 
used. It seems to be too early to judge effectively whether 
stresses currently allowed are overconservative. However, the 
company with which Mr. Schueler is associated has for many 
years been building power plants using high temperatures and 
pressures, so their experience is very valuable. 


Oil Holes and Grooves in Plain Journal 
Bearings 


By S. A. McKEE! ano H. S. WHITE,! WASHINGTON, D. C. 


Data are presented showing the performance of plain 
journal bearings having various arrangements of oil holes 
and grooves operating in a four-bearing friction machine 
with forced-feed lubrication. Tests cover operation where 
the oil is fed through the bearing shell by means of five 
arrangements, including one, two, or four oil holes; one 
axial or one circumferential groove. Tests were also run 
with three arrangements for feeding oil from the center 
of a hollow shaft. These were one or two oil holes in 
the shaft, or one oil hole terminating in a flat on the sur- 
face of the shaft. Two clearance-diameter ratios were 
used with each arrangement. Test runs were made at 
constant speed and at a number of loads, which were uni- 
directional relative to the bearings. The data cover opera- 
tion with one oil at one oil-inlet temperature and two 
speeds. In some of the tests the loads were increased 
until unstable lubrication was reached. The test results 
include the frictional characteristics, values of ZN/P at 
transition between stable and unstable lubrication, and 
data on thermal] behavior and on oil flow. A summary 
of the general behavior of the various arrangements is 
given. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


D = journal diameter, in. 

L = bearing length, in. 

C = running clearance (difference between bearing 
diameter and journal diameter), in. 

W = totalload acting on bearing, lb. 

P = W/LD = pressure on projected area of bearing, psi 

N = speed of journal, rpm 

F = tangential frictional force, lb 

f = F/W = coefiicient of friction 

Z = absolute viscosity of lubricant at atmospheric pres- 
sure and bearing temperature, centipoises (cp) 

H, = rate of heat supplied to one bearing from both enter- 


ing oil and bearing friction, in-lb per min 
AT,, = temperature rise above ambient of loaded side of 
bearing shell (average of four bearings), deg F 


AT) = temperature rise above ambient of oil leaving ends of 
bearings (average of four bearings), deg F 
Q = rate of oil flow per bearing, cu in. per min 


ZN/P = generalized operating variable 

= oil-feed pressure (corrected for drop between gage 
and bearings and for centrifugal force when oil is 
fed through shaft), psi 


1 National Bureau of Standards. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Spring Meeting, Washington, D. C., April 
12-14, 1950, of Taz American Society or MecHANICAL ENGINEERS, 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Janu- 
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INTRODUCTION 


One of the problems in the lubrication of plain journal bearings 
is the method of admitting the oil to the bearing. The concept 
of the load-carrying film indicates the desirability of avoiding 
the use of oil holes or grooves which interfere with the normal 
development of hydrostatic pressure to support the load. In 
some bearing installations, however, it is not always possible to 
satisfy this requirement. With bearings where loads are fluc- 
tuating in both intensity and direction, it is sometimes imprac- 
ticable to apply the oil to the unloaded side throughout the com- 
plete load cycle. Also in some cases, provision must be made for 
a continuous flow of oil to some other moving part. 

The tests reported in this paper were made to determine the 
comparative performance of journal bearings having various ar- 
rangements of holes or grooves when using forced-feed lubrica- 
tion under conditions where in each case the load was unidirec- 
tional on the bearing. The work comprised two separate series 
of tests. The first covers operation with three arrangements of 
oil holes and two types of oil grooves in the surface of the bear- 
ing. The second covers operation with three arrangements for 
feeding the oil from the center of a hollow shaft. Each of these 
arrangements is located at the axial center of the bearing. 

This investigation was part of a research program on the lubri- 
cation of plain journal bearings which was conducted at the 
National Bureau of Standards with the financial support of 
the National Advisory Committee for Aeronautics. 


APPARATUS 


Four-Bearing Friction Machine. The four-bearing friction 
machine used in this investigation has been described in a pre- 
vious publication (1).2 The complete apparatus is shown in 
Fig. 1, and the major elements of the machine disassembled 
in Fig. 2. The machine consists essentially of four similar test 
bearings enclosed in a housing and mounted on a common shaft. 
Loads are applied by hydraulic jacks which form the base of the 
housing. The complete unit of bearings and housing acts 
as a cradle dynamometer. The frictional torque is measured by 
a dynamometer scale acting through a torque arm fitted to the 
housing. An automatic device is provided in the hydraulic sys- 
tem to release the load under the high-torque conditions occurring 
near bearing seizure. 

In the first series of tests, oil was fed to each bearing through 
conventional pipe and tubing, using flexible connections to the 
bearing housing. In the second series, the oil was fed to the end 
of the hollow shaft through a rotating joint. The lubricating 
system was provided with a vane pump having a variable-speed 
drive and a relief valve. Runs could be made at constant oil- 
feed pressure or at a constant rate of oil flow. The oil-feed line 
also was fitted with a filter consisting of two layers of sheet 
cellulose, electric heaters for controlling the oil-inlet tempera- 
ture, and a flowmeter used chiefly for control purposes. Deter- 
minations of oil flow also were made by weighing the amount of 
oil that flowed for a given time interval from the housing outlet 
into a measuring vessel. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Operating temperatures were measured with copper-constantan 
thermocouples. One was fastened to the loaded side of each of 
the four bearings, and four thermocouples of equal resistance con- 


Fic. 2 Frictrion-MacHiIne Parts 


FRictTrion-MacHINE INSTALLATION 


nected in parallel, were spaced around the shaft, in the oil streams 
at the end of each bearing. 

Shafts and Bearings. One solid test shaft was used in all of the 
first series of tests. It was made of SAB 3115 steel, carburized, 
and heat-treated to a hardness of 55 Rockwell C. The three 
hollow test shafts, 2”/s4 in. inside bore, used in the second series of 
tests, were made of SAE 4615 steel, carburized, and heat-treated 
to hardnesses ranging from 58 to 61 Rockwell C. The surface 
roughness of each shaft was measured at 90-deg intervals at each 
of the four journal positions. 

The averages of the observations for each shaft ranged from 4 
to 5 microinches (rms profilometer). The journal diameters were 
measured 90 deg apart at each of the four journals on each shaft. 
The observations of diameters were accurate to 0.00005 in. at 
68 F. 

The shaft used in the first series of tests had no holes or grooves. 
In the second series, the shaft used with bearing sets $31, and 
S51 (see Fig. 3), had one radial oil hole at the mid-point of each 
bearing. The holes were 0.125 in. in diam and were chamfered 
to a diameter of approximately 0.180 in. at the shaft surface. 
The one used with bearing sets $382 and $52 was similar, except 
that two holes 180 deg apart were used for each bearing. The 
shaft for bearing sets $383 and S53 was similar to the shaft with 
one hole per bearing, except that instead of a chamfer, a flat, 
5/s in. long (axially) and 3/15 in. wide (depth about 0.004 in.), 
was located symmetrically at the end of each hole. The edges 
of the chamfers and flats were stoned and polished to remove 
sharp edges. 

The test bearings were solid steel sleeves with copper-lead 
linings conforming to Pratt and Whitney Aircraft specification 
121. They were pressed in the bearing retainers, rough-bored in 
a lathe, pushed in the self-aligning ball-bearing swivels, and then 
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TABLE 1 ESSENTIAL DIMENSIONS OF SHAFTS AND BEARINGS 


Design of oil feed 
Length of bearing, 
L, inches 


Bearing set 


12275 
1.276 


1.125% 


1e 275 


1¢275 


bearing, inches 


Avg diam of 


200579 
200599 
2e0579 
200599 
200579 
2e0699 
2e0579 
200599 
200579 
200599 


200580 


Diameter=clearance 
ratio, D/C 
Leng th=diameter 


Avg diam of shaft, 
ratio, L, 


D, inches 
Avg clearance, 
C, inches 


200548 00620 


020031 
Oe00E1 
920031 ca 


200548 


200548 
209548 


209548 


00620 
00620 
0.0051 00620 
020031 00620 
220548 


63 

3 

63 

03 

63 

3 

200548 63 
220548 03 
63 

3 

63 

03 

3 

03 

63 

03 


020051 00620 


00031 00620 
0e0051 00620 


6 
200548 | 060031 | 6 0.547% 
200548 | 000051 es 
200549 | 000031 | 6 

Oc0051 | 4 
6 
4 
6 


005478 
0e620 


200549 00620 


6 
40 
6 
4 
40 
6 
4 
40 
6 


200548 06620 


200548 02620 


Oe0031 
000051 


200546 ; 0600031 02620 


209546 | 000051 00620 


*Allowance is mde for circumferential grooveco 


Sets 3! & 51, oi! hole at O° 
Sets 32 & 52, oil holes at 120° & 300° 
Sets 34 & 54, oll holes at 45°, 135°, 225°, & 315° 


All holes 0.125" diameter, chamfered to 0.18" diameter at edge 
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Sets 33 & 53, axial groove, 0.10" width, 0.04" depth 
Sets 35 & 55, circumferential groove, 0.150" width, 0.075" depth 


Fig. 3 ARRANGEMENTS oF Ori Hotes anp Grooves IN BEABINGS 
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finished to size with a special type of bearing reamer having a 
single cutting edge. With each bearing, determinations of four 
diameters 45 deg apart were made at each of three axial posi- 
tions, one at the center, and one near each end. Bearings having 
circumferential grooves were measured on each side of the groove 
as well as at the ends. These measurements were accurate to 
0.0001 in. at 68 F. 

Bearings with one, two, or four oil holes, or with one circum- 
ferential or one axial groove were used in the first series of tests. 
Sketches showing the details of these arrangements are given in 
Fig. 3. With any of these arrangements each hole or groove was 
connected with the source of oil.supply. In the second series of 
tests, the bearings had plain cylindrical surfaces. Two sets of 
bearings of different clearance were run for each type of oil feed. 


The essential dimensions of the shafts and bearings are given 
in Table 1. 


LUBRICANT 


The oil used in these tests was an SAE 20 motor oil having an 
absolute viscosity of 70.8 centipoises at 100 F and 8.12 centi- 
poises at 210 F. 


FRIcTION DaTA 


Tests at High ZN/P. With each set of bearings, tests first were 
made in the region of stable lubrication at the higher values of 
ZN /P (see nomenclature) in order to obtain characteristic data 
with a minimum of change in bearing surface. Each test run 
was made at a constant speed with a number of constant loads 
which were successively increased at intervals during each run. 
The apparatus was ‘warmed up” before the start of each test 
run and the data were obtained with the bearings in a steady 
state of temperature distribution. 

Friction data obtained in these tests are given in Figs. 4, 5, 
6, 7, 8, 9, 10 and 11 for the eight oil-feed systems. These re- 
sults cover operation at an oil-inlet temperature of 200 F, two 
speeds, 2030 and 3040 rpm, and a range of loads from approxi- 
mately 300 to 3000 psi on the projected area. In these figures 
f, the coefficient of friction, is plotted against the operating varia- 
ble ZN/P. The values of Z used are based on temperature ob- 
servations obtained with the thermocouples on the loaded side of 
each bearing shell. 

With the bearings having a circumferential groove, the effective 
area of the loaded side of the bearing is reduced, and in plotting 
the data shown in Fig. 8, the values of P used were based on the 
effective area (total area minus area of groove). The slopes of 
the curves would be somewhat less if P were based on the total 
projected area of the bearing as was the case with the curves for 
the other designs of bearings. 

Lines representing the Petroff equation for concentric running 
(2) for the respective D/C ratios used are also shown in the 
figures. The experimental data for a given bearing can be repre- 
sented by a straight line roughly of the same general slope but 
displaced toward greater values of f than is given by the Petroff 
line for a given D/C ratio. This general trend of the data is 
similar to that obtained in an earlier investigation (3) where it 
was shown that the friction of a journal bearing could be repre- 
sented approximately by the equation f = k(ZN/P) (D/C) + 
Af, where Af was an L/D correction and represents the difference 
(approximately) between the experimental data and the Petroff 
equation. 

For purposes of comparison, values of Af at ZN/P = 10 and 
ZN/P = 70 for each set of bearings tested are given in Table 2. 
The table also lists the average value of Af (over the range of 
ZN/P from 10 to 70) for each set, and the average value for each 
type of bearing (two D/C ratios). The latter values are used as 


TRANSACTIONS OF THE ASME OCTOBER, 1950 


1028 
004 004 
@ 0/ = 663 
A 0/ = 403 
E 003 § .003 
2 % 
2 3 
s 5 
= = 
5 002 $ .002 
& & 
001 00! = 
° : ° ee ea 
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 
ZN/P ZN/P 


Fic. 4 Friction 1n Stasie ReGron ror 2-In. X 1!/«In. Copper- Fig. 5 Friction 1n STaste Recion ror 2-In. X 11/s-In. Coppur- 
Leap Brarines Havine One Ort Hote 1n BEARING Leap Brarines Havine Two O1n Hoss In Brarine 


(Operating at 2030 rpm with 15 cu in. per min oil flow, and 3040 rpm with (Operating at 2030 rpm with 15 cu in. per min oil flow, and 3040 rpm with 
22.5 cu in. per min oil flow; SAE 20 oil at 200 F oil-inlet temperature.) 22.5 cu in. per min oil flow; SAE 20 oil at 200 F oii-inlet temperature.) 


8 


fo) Reza Sel 
° 10 20 30 40 50 60 70 80 
ZN/P zn/P 


004 ae 004 

5 003 ee § 003 
: fe oe 
= —< is 
- ° 
ial 

5 .002 & .002 
; ee 3 
é 
: papel 

8 


ae 


Fie. 6 Friction 1n Stasie Reaion ror 2-In. X 1!/<-In. Copper- Fig. 7 Friction 1x Stasie Recion For 2-In. X 11/s-In. Copprr- 
Leap Brarines Havina an AXIAL GROOVE IN BEARING Leap Brearines Havine Four Ort Horzs 1n BEARING 


(Operating at 2030 rpm with 15 cu. in. per min oil flow, and 3040 rpm with (Operating at 2030 rpm with 15 cu in. per min oil flow, and 3040 rpm with 
22.5 cu in. per min oil flow; SAE 20 oil at 200 F oil-inlet temperature.) 22.5 cu in. per min oil flow; SAE 20 oil at 200 F oil-inlet temperature.) 


004 004 
@ 0/6 = 663 
AO0/C = 403 
§ .003 = 003 
s = 
= 2 
3 S 
= S 
8 002 , $ 002 
= 3 
3 a 3 ? 
8 E | eis 8 Es 
amt ey | 408 = an 
001 {peas eal re] 00! La Lt ead ; 
= iF ( | 


T eal ——— 
[ balcoml pee | —T Petrott,, 
{ shige = See ee 


D2 sna@M—ane LEE Chase 


ie} 50 60 70 ° 10 20 30 40 ie) 60 70 
ZN/P ZN/P 


Fig. 8 Friction 1n Stasie Recion ror 2-In. X 11/¢In. Copper- Fic. 9 Friction 1n Stasie REGION ror 2-IN. X 11/4-In. Coprrr- 
Leap Brarines Havyine a CrrcUMFERENTIAL GROOVE IN BEARING Leap Breartnes Wits One Or Hote 1n SHAFT 


(Operating at 2030 rpm with 15 cu in. per min oil flow, and 3040 rpm with (Operating at 2030 and 3040 rpm, 15 in. in oi i 
22.5 cu in. per min oil flow; SAE 20 oil at 200 F oil-inlet temperature.) 200 F cilvaiee taraperattra bh Vaadettacer 


McKEE, WHITE—OIL HOLES AND GROOVES IN PLAIN JOURNAL BEARINGS 


§ .003 racy at A 
pzae 
a) (+ i ser 1 
Frcs a > 
| ea endl 
be —— Sear os a 
00! p@ —— ae ee emnatie =) 
Bia liew Dea | | | 
° Ca | {igre ui | ie 
0° 10 20 30 40 590 60 70 


Fie. 10 Friction iv Stasis REGION FoR 2-INn. X 1!/«-IN. Copper- 
Leap Brarines WiTs Two O11, Houes 1n SHart 


(Operating at 2030 and 3040 rpm, 15 cu in. per min oil flow, SAE 20 oil at 
200 F oil-inlet temperature.) 


a basis for rating the different types of bearings from the stand- 
point of friction. Since the differences between some types are 
within the probable experimental error, the ratings are given in 
three general groups: Group A, bearings of relatively low frice 
tion; B, intermediate; and C, high. 

One of the most marked effects shown by the data given in this 
table is the relatively high friction obtained with the bearings 
having 2 circumferential groove, where the bearing is divided into 
two narrow bearing surfaces. This confirms the results obtained 
by Clayton (4). It also is in agreement with previously pub- 
lished data obtained at the National Bureau of Standards (3), 
which indicate that for L/D ratios less than unity, a de- 
crease in L/D increases the friction. The data for this type 
of bearing were based on the effective area rather than the total 
area. If the latter is considered, the average value of Af for this 
type of bearing would become 0.00217 instead of 0.00240 as given 
in Table 2. 
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(Operating at 2030 and 3040 rpm, 16 cu in. per min oil flow, SAE 20 oil at 
200 F oil-inlet temperature.) 


The data for the bearings having two oil holes and four oil 
holes, of which one and two holes, respectively, were on the loaded 
side of the bearing, showed a slightly higher friction than for the 
sets having one hole or one axial groove, where the loaded side was 
undisturbed. 

It is of interest that with the sets where the oil was fed through 
the shaft, there was only a relatively small increase in friction, 
although, during part of a revolution of the shaft, an oil hole 
was passing through the loaded portion of the bearing. This 
small increase is especially interesting with sets S33 and S53 where 
there was a relatively large flat on the shaft. 

Tests at Low ZN/P. After the tests at high ZN /P, the range 
of operation with each set of bearings was extended to cover 
the lower values of ZN /P at and below the point of minimum f. 
In each test the speed and rate of oil flow were held constant and 
the load was increased in steps until unstable lubrication was 
reached. 


TABLE 2 FRICTION RATINGS OF BEARINGS 
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One of the chief difficulties in obtaining representative data in 
the unstable region of lubrication is that the frictional character- 
istics of the bearings are affected by the roughness, geometry, 
and metallurgical features of the bearing surfaces, and, under 
operation, these frequently do not remain constant very long. 
Usually a bearing first tends to improve from the so-called run- 
ning-in action (5), but when operation is continued under rela- 
tively high loads, speeds, and temperatures, the performance 
frequently is impaired and sometimes to a considerable degree. 
Accordingly, in running these tests, precautions were taken to 
minimize such effects by holding the bearings at a given load and 
speed for a relatively short time (2 min). 

Friction data obtained in the first and fourth test runs when 
operating at 2030 rpm and with 15 cu in. per min oil flow with 
each of the eight designs of bearings are given in Figs. 12, 13, 
14, 15, 16, 17, 18, and 19, where f is plotted against ZN/P. In 
Fig. 16 (as was the case in Fig. 8), the values of ZN/P used in 
plotting the data are based upon the effective area of the bearings. 

In Figs. 12 to 19, inclusive, the differences between the curves 
for the first and fourth runs provide an indication of the change 
in beating performance with running-in for a given set of bear- 
ings. 

In these tests the bearings were operated at a given load for a 
period of 2 min (as was previously mentioned), and observations 
of the frictional torque were made at l-min intervals. The values 
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of f given in the figures are based upon the second observation 
where conditions were more nearly in a steady state. One ex- 
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inlet temperature.) 


ception to this is at the highest load in a given run where the 
friction rose rapidly and the automatic load release usually acted 
within 80 sec. When operation was in the region of stable lubri- 
cation, the second torque reading was either equal to or lower 
than the first, depending upon the particular rates of heating 
and cooling and the time required to reach a steady state. 

As the loads were increased, the bearings eventually reached 
the unstable operating condition where the friction increased 
with an increase in temperature. In some of these tests this 
transition from stable to unstable conditions is fairly well de- 
fined by the friction curves, because the frictional torque rose 
rapidly and usually in a very short time reached a value high 
enough to trip the load release. In others, however, the change 
in the friction curve was more gradual, and the transition is more 
definitely indicated by the condition where the second torque 
reading is higher than the first. In Figs. 12 through 19, the ap- 
proximate locations of these points of transition between stable 
and unstable lubrication obtained during the first test run with 
the bearings having a D/C ratio of 663 are indicated by the letter 
a and for the fourth run by A. Corresponding points obtained 
with the bearings having a D/C ratio of 403 are indicated by:the 
letters b and B. 

The critical values of ZN /P at which these transition points 
occur for the first and fourth runs with each set of bearings are 
given in Table 3. Also listed are the average values obtained 
with each type. Since the first run with each set of bearings may 
be significantly affected by the condition of the original surface 
finish, the values for the fourth run are used as a basis for rating 
the different types. These ratings provide an indication of the 
relative load-carrying capacity of the bearings when operating 
under the given conditions. They are indicated by letters rather 
than the numerical values, since (as was the case with the fric- 
tion data at high ZN /P) the differences between some types are 
within the probable experimental error. 

From the data given in Table 3 it will be noted that the values 
of ZN /P when unstable lubrication was reached were, in general, 
lower with the bearings having no holes or grooves on the loaded 
side (sets 31, 51, 33, and 53). In this connection, however, it is 
of interest that while the values obtained with the sets having one 
or two holes in the shaft were somewhat higher, they were suffi- 
ciently low to receive an A rating. Under the conditions of 
operation in these tests, the passage of an oil hole through the 
loaded portion of the bearing had relatively small effect on the 
points of transition between stable and unstable lubrication. 

With the sets having a flat on the shaft, the reduction in area 
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was sufficient to cause a marked increase in the value of the 
critical ZN /P, and these sets have the lowest load-carrying ca- 
pacity rating. 

Because of the interference to the formation of a load-carrying 
film with the bearings having two holes, four holes, or a circum- 
ferential groove, the operation was impaired sufficiently to re- 
sult in intermediate ratings. If the total area is considered for 
the bearings with a circumferential groove, the average critical 
value of ZN /P would increase from 2.8 to 3.1 and would change 
the rating from B to C. 

The small difference between the bearings with the axial 
groove and with one oil hole indicates that the groove may be 
somewhat more effective in the distribution of the oil for main- 
taining the load-carrying film. 


THERMAL BEHAVIOR 


Data pertaining to the thermal behavior of these bearings were 
obtained in the tests at high ZN /P values under a steady state of 
temperature distribution. In the analysis of these data, con- 
sideration is given to the total heat supplied to the bearing. 
Since the oil-inlet temperature was higher than the ambient 
temperature, the temperature rise of the bearings was not only 
dependent upon the heat generated by shearing the oil in the 
bearings but also upon the heat delivered by the oil entering 
the bearings. 
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The thermal data obtained with the two sets of bearings of 
different C/D ratios having a circumferential groove (sets 35 and 
55) are given in Fig. 20. In this figure, H,, the total rate of heat 
supply to one bearing from both the entering oil and bearing fric- 
tion (expressed in in-lb per min) is plotted against. the tempera- 
ture rise above the ambient. The solid points indicate the rise 
in temperature above the ambient of the oil leaving the bearings 
( AT»), as determined by thermocouples located in the oil streams 
at the ends of each bearing, while the open points represent the 
temperature rise of the bearings ( A7’,) as determined by thermo- 
couples placed in the loaded sides of the bearing shells. Since 
these tests were made at a steady state of temperature distribu- 
tion, the data are also indicative of the rate of heat dissipation. 

Analysis of the data in this figure indicates that the relation 
between the rate of total heat supplied to the bearings and the 
temperature rise above the ambient is dependent chiefly upon 
factors affecting the rate of heat dissipation by the oil, namely, 
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Hy, total rate of heat supplied per bearing, 100,000 in Ib/min 
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rate of oil flow, specific heat of the oil, and temperature rise of 
the oil. This method of analysis has been outlined in detail in a 
previous publication (6), which also describes a method for de- 
termining from the data the rate of heat dissipation through the 
apparatus itself by radiation, conduction, and convection. 

The lines drawn in Fig. 20 represent the H, versus A7’y rela- 
tionship for the indicated constant rates of oil flow (Q expressed 
as cu in. per min), The line Q = 0 represents the heat losses 
through the apparatus itself, and is used as a base for computing 
the lines representing the H, versus AT for the different values of 
Q. ,These are obtained by computations involving the product 
of the rate of oil flow indicated, the temperature rise, and the 
average specific heat of the oil over the given temperature range. 
From the figure it will be noted that these computed lines are in 
reasonable agreement with all the experimental data based upon 
values of the average temperature above the ambient of the oil 
leaving the bearings. 

In Figs. 21 and 22, H, versus AT’) data are given for all six- 
teen sets of bearings when operating at 2030 rpm and a rate of oil 
flow of 15 cu in. per min. From these figures it will be noted 
that the data for all the bearings, having various arrangements of 
holes, or grooves, show the same general trend and fall reasona- 
bly well on the computed lines. This indicates that under the 
conditions covered, the heat-dissipation characteristics of the 
bearings were dependent chiefly upon the rate of oil flow through 
the bearings and were practically independent of clearance or the 
type of hole or groove used. 


Or Flow 


Measurements of the rate of oil flow at various oil-feed pres- 
sures were made also with each set of bearings when operating at 
a given load and speed. The flow-pressure data obtained with 
the bearings having a D/C ratio of 663, when operating at a load 
of 3008 lb per bearing (P = 1148 psi) and a speed of 2030 rpm, are 
given in Fig. 23, where Q, the rate of flow per bearing in cubic 
inches per minute is plotted against p the corrected oil-feed pres- 
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sure in pounds per square inch. Similar data for the bearings, 
having a D/C ratio of 403, are given in Fig. 24. 

It should be pointed out that the data in these figures were ob- 
tained at constant load and speed but because of temperature 
changes caused by differences in friction and oil flow they were 
not obtained at constant viscosity. 

The flow characteristics showri by these curves are dependent 
upon the particular operating conditions, hence the relative 
values are not necessarily applicable to other conditions. They 
are also dependent upon the particular dimensions of the holes 
and grooves used and changes in these dimensions may affect the 
relative values materially. 

The most marked characteristics shown by these oil-flow data 
are the relatively high rates of flow obtained with the bearings 


1033 
1 - 1 ~ = 
0, Mes fe | 
5 I § te > a ae 
ey | 
ry, pnt | 
340 | y | 
22 eae IE vy | ——— 
Hy <3 
‘3 | 
B30 ae i 
R NS | . 
© | 
yee, 
& % of ay 
=e 20 0108 + 4 
wn | 
6 2 oi noe a 
8 2¥oi\ noes © be ott | 
\ noe. wat (QL sh 
S10 = 
} owl nole 10 snott toa 
° | #3) 
° ite) 20 30 40 50 60 70 


R Oil pressure, psi 


Fic. 23 Or-FLtow Versus O1L-PrREessuRE CURVES FOR THE DiF- 
FERENT O1L-FrEEpD ARRANGEMENTS WirTH 2-In. X 11/«-IN. Copper. 
Leap BEARINGS 


(D/C = 663, operating at 2030 rpm and 3008 lb load, SAE 20 oil at 200 F 
oil-inlet temperature.) 


Q, rate of oil flow per bearing, cuin:/nin 


(0) 10 20 30 40 50 60 70 
p, Oil pressure, psi 


Fic. 24 Ort-Frow Versus OrL-PrRessuRE CURVES FOR THE DiIF- 
FERENT O1i-FrEp ARRANGEMENTS Wits 2-In. X 11/-IN. CoppEr- 
Leap BraRINnGcs 


(D/C = 403, operating at 2030 rpm and 3008 lb load, SAE 20 oil at 200 F 
oil-inlet temperature.) 


having the axial or circumferential oil grooves and the generally 
low rates obtained with the sets where the oil was fed through 
the shaft. 

Since the rate of heat dissipation of the bearings depended 
chiefly upon the rate of oil flowing through the bearings, these 
flow data provide an indication of the relative heat-dissipation 
characteristics of the bearings tested under the operating condi- 
tions covered. 


CONCLUSION 


The influence of the various arrangements of oil holes and 
grooves on the behavior of bearings is as follows: 


One Oil Hole in Bearing. With this arrangement, the ab- 
sence of holes or grooves on the loaded side of the bearing pro- 
vides for normal development of pressure in the oil film. Conse- 
quently, the bearing has relatively low friction and low ZN’/P at 
transition between stable and unstable lubrication. While the 
single hole does not provide the highest oil flow, it would seem to 
be sufficient to provide adequate heat dissipation for most con- 
ditions. 

Two-Oil-Hole Arrangement in Bearing. The single hole on the 
loaded side with this arrangement apparently disturbs the normal 
development of pressure in the film to make a measurable in- 
crease in friction and in ZN /P at the transition point. The par- 
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ticular location of the oil hole on the unloaded side is adverse from 
the standpoint of oil flow, hence the rate of heat dissipation is 
somewhat lower than the arrangement with one hole in the 
bearing. 

Arial Groove in Bearing. This arrangement apparently pro- 
vides a slightly better distribution of oil for the development of 
the load-carrying film than the arrangement with one hole in the 
bearing. Consequently, the bearing has low friction and lowest 
critical ZN/P, and the high oil flow provided is advantageous 
where forced cooling is necessary. 

Four-Hole Arrangement in Bearing. This arrangement has two 
holes on the loaded side which disturbs the development of pres- 
sure in the film to a greater extent than the arrangement with 
two holes in the bearing, and its critical ZN /P is higher, but the 
friction is comparable. The two holes on the unloaded side are 
not in advantageous positions, and its oil flow and rate of heat 
dissipation is comparable to the arrangement with one hole in the 
bearing. 

Circumferential Groove in Bearing. The groove dividing the 
bearing into two narrower parts increases the friction and causes 
a relatively high critical ZN/P. The high friction is counteracted 
by high oil flow and rate of heat dissipation. 

@ne Oil Hole in Shaft. The passage of one oil hole across the 
loaded portion of the oil film has relatively small effect on both 
friction and critical ZN /P, which are only slightly higher than 
for the arrangement with one hole in the bearing. When the 
hole is exposed to some portions of the loaded area, the oil feed 
is practically shut off and consequently this arrangement re- 
sults in the lowest oil flow and rate of heat dissipation. 

Two Oil Holes in Shaft. With two oil holes for each journal, 
the disturbance to film-pressure development occurs twice in a 
revolution, resulting in slightly higher friction and critical 
ZN/P than with the arrangement with one hole in the shaft. 
The two holes also provide a greater oil flow and rate of heat 
dissipation. In this respect it is comparable to the arrangement 
with two holes in the bearing. 

One Oil Hole With Flat in Shaft. The flat at the end of the oil- 
hole causes considerable disturbance to the development of pres- 
sure in the oil film, increases the friction, and markedly increases 
the critical value of ZN/P. Its oil flow and rate of heat dissipa- 
tion are higher than the arrangement with one hole in the shaft 
without the flat but not sufficient to counteract the effect of its 
high ZN /P at transition from stable to unstable lubrication. 

The results of these tests apply directly to unidirectionally 
loaded bearings for the particular range of conditions covered. 
The indicated differences between the various arrangements are 
not. necessarily strictly indicative of more complex conditions 
where the load varies in both intensity and direction with respect 
to the bearings. It is believed, however, that the relative values 
obtained may be useful qualitatively in estimating the over-all 
effects of various arrangements of holes or grooves under more 
complex loading conditions, especially if proper consideration is 
given to conditions present throughout the complete load cycle. 
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Discussion 


M. D. Hersey.? Can the authors compare their results at 
any point with the work of Clayton and others, and amplify 
their application to engine bearings? 


AutTHors’ CLOSURE 


With reference to Mr. Hersey’s question, the case of the bear- 
ings with 360-degree circumferential groove provides the closest 
approach to a direct comparison between our results and those of 
Clayton (4). Clayton’s bearing h and our bearing set 35 are 
similar in diameter and length but differ in D/C ratio, that value 
for bearing h being 800 and for set 35 being 663. In Table 1 in 
his paper Clayton reports a value of the coefficient of friction of 
0.0026 for bearing h when operating at a speed of 3000 rpm, a 
load of 1500 psi, and with the viscosity of the oil at 10.0 centi- 
poises. Under these conditions the value of ZN/P is 20. The 
value of f for ZN/P = 20 for set 35 is about 0.00275. This is 
shown in Fig. 8 of our paper. An approximate correction to this 
value (based on the Petroff equation) to correspond to a D/C ratio 
of 800 would raise the value to about 0.00288. This would indi- 
cate that the value we obtained was about 10 per cent higher than 
that obtained by Clayton. In this connection, however, it 
should be pointed out that the NPL friction machine used by 
Clayton measures the bearing friction, whereas the NBS four- 
bearing friction machine measures the journal friction (see Norton’s 
“Lubrication,” 1942, p. 23). This difference in f in the two 
cases would seem to indicate that along a line perpendicular to the 
load the center of the journal was displaced from the center of 
the bearing about 0.00028 in., and, if it is assumed that the film 


~ thickness at the point of closest approach is somewhat smaller 


than the 0.0002 in. estimated by Clayton for bearing a (bottom 
hole), the angle between the line of the load and the point of 
closest approach would be of the order of 14 degrees. Since both 
of these values appear to be reasonable, it is believed that the 
friction data for the two bearings check rather closely. 

Somewhat greater differences in f are shown when comparing 
Clayton’s bearing a (one oil hole in unloaded side) with our set 31. 
However, this can be accounted for by the difference in L/D, 
which was 0.875 for bearing a and 0.620 for set 31. 

Comparison of the data on oil flow is more difficult because of 
the complex relations between the factors involved. Rough 
corrections for differences in clearance, length, viscosity, and oil- 
feed pressure indicate that values from the two laboratories for 
similar types of bearings are of the same order of magnitude, but 
no attempt was made to evaluate the effects of differences in such 
factors as oil-inlet temperature, load, speed, or eccentricity. 


5 U.S. Naval Engineering Experiment Station, Annapolis. Md. 


Film Thickness Between Gear Teeth 
A Graphical Solution of Karlson’ s Problem 


By M. D. HERSEY! ann D. B. LOWDENSLAGER? 


This investigation completes a solution, undertaken 
by K. G. Karlson in his little-known Swedish paper of 
1926, for the oil-film thickness between gear teeth. Karl- 
son’s problem is characterized by the use of a parabolic 
curve for the viscosity-pressure relation. The numerical 
results here obtained are comparable with those pre- 
viously published by Gatcombe, who used a more con- 
ventional viscosity-pressure formula. It is hoped that 
the present analysis will help to clarify the assumptions 
and calculations required in the hydrodynamic theory of 
gear-tooth lubrication. As an aid to its practical applica- 
tion, the relative film thicknesses found for geometrically 
similar pairs of gears are here shown by a chart construc- 
ted in terms of the appropriate dimensionless variables, 
and extending from zero to 10 microinches per in. of pitch 
diameter of the pinion. The limiting case of a lubricant 
whose viscosity is unaffected by pressure, for which an 
analytical solution had been given by Karlson, is repre- 
sented by a straight line on this chart. 


INTRODUCTION 


T would be useful in studies of gear-tooth lubrication, par- 
ticularly when efforts are being made to increase the load ca- 
pacity of gear teeth, to be able to estimate, even roughly, the 

probable or possible thickness of the oil film between two con- 
tacting teeth under hydrodynamic conditions. 

Three principal investigations toward this end have already 
been published, those of Engineering in 1916 (1),? of Karlson in 
1926 (2), and of Gatcombe in 1945 (3). The article in Engineer- 
ing, though unsigned, is generally recognized as the pioneer 
investigation in our field. It does not, however, take into ac- 
count the effect of high pressure on viscosity. The study by 
Karlson is based upon a parabolic equation for the viscosity, Z, 
of the lubricant as a function of the gage pressure p, namely 


z= 2( *) Se ee (1] 


where Z;, is the viscosity at atmospheric pressure and k is a con- 
stant of the lubricating oil. Gatcombe’s study is based upon a 
widely used exponential formula 


SEE LOY 2 oR oa [2] 


where 6 is an empirical constant analogous to k. 
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Karlson’s investigation was left unfinished, his integral for 
the load capacity of the film not being evaluated. Gatcombe’s 
study was carried through and applied to a series of numerical 
examples. These numerical results were generalized by Her- 
sey and Hopkins (4), in the form of a chart for the relative film 
thickness in geometrically similar gears. However, Blok (5) 
has questioned the accuracy of Gatcombe’s mathematical ap- 
proximations leading to the results utilized by Hersey and Hop- 
kins. Accordingly, the present authors found it necessary to 
make a fresh approach to the subject, and therefore undertook 
a graphical solution of Karlson’s problem. 


Basic ASSUMPTIONS 


The physical assumptions which are customary in the theory 
of lubrication, and others pertinent to the gear-tooth problem, 
notably the following, have been made: 


1 The lubricant is incompressible and without inertia; it 
has the same physical properties at every point and in every 
direction; it adheres to the solid surfaces and follows Newton’s 
law of viscous flow. 

2 The gear teeth are rigid and geometrically perfect, and 
therefore free from any appreciable effects of deformation, 
misalignment, manufacturing errors, surface roughness, or wear. 

3 The gears are running at constant speeds without dynamic 
loading or appreciable vibration. 

4 The temperature is uniform throughout the film at any 
moment, though it may vary greatly with operating conditions. 

5 The mechanical action of the film has reached a practically 
steady state at every phase of contact, or angular position of the 
tooth; the approach process being so nearly completed that the 
minimum film thickness in every such position may be treated 
as a constant with respect to time. 


These various assumptions define the scope of our investiga- 
tion and limit it severely compared to what might ideally be de- 
sired (6,7). It is hoped, however, that the present analysis may 
be useful in the absence of more exact knowledge, and that it 
may be followed by discussions which will greatly clarify the 
background of gear-tooth lubrication theory, thus facilitating the 
work that lies ahead. 


INTEGRATION FOR Loap Capacity 


The normal tooth load F,,, which is the resultant force per unit 
of face width exerted by one tooth upon another at right angles 
to the tooth surface through the medium of the oil film, is given 
by 


Pies p dutetdatcen thats 26043) 


where p denotes the fluid pressure at any distance z measured in 
the direction of motion from the point of nearest approach. 

Karlson’s expression for the pressure distribution, derived 
from the usual hydrodynamic assumptions together with Equa- 
tion [1] may be written 


4HTk 


Pp“ (+ 1)!—4HT 
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Here T is the tangent of Gatcombe’s angle S, and may be defined 
by 


at 


LS 


VE. KOO” 


where ho denotes the film thickness at the point of nearest ap- 
proach; and r denotes the effective contact radius, defined by 


[5] 


in which 7; and 72 are the radii of curvature of the pinion tooth 
and gear tooth, respectively. The dimensionless number H in 
Equation [4] is defined by 


jfieal V 27 ho 

= epee Teenage 
where U denotes the mean tangential velocity (U; + U,)/2 of 
the contacting surfaces, U; referring to the pinion and U; to the 
gear. It happens that H is equal to !/,. the ratio of Gatcombe’s 
constant G to Karlson’s constant k, both of which have the di- 
mensions of pressure. 

From Equation [4] it will be noted that p = 0 when 7’ = 0, and, 
therefore, when z = 0. Thus the film pressure is assumed to 
vanish at the point of nearest approach. This assumption is 
known as Sommerfeld’s condition, in contrast with Reynolds’ 
condition under which both the film pressure and the pressure 
gradient vanish together at some point in the divergent portion 
of the film, appreciably removed from the point of nearest ap- 
proach in the direction of motion. While the present authors 
subscribe to Reynolds’ condition, they have tolerated the other 
for simplicity in completing Karlson’s integration. A trial cal- 
culation indicates the difference in load capacity under the 
two assumptions to be of the order of 15 per cent, more or less, 
Reynolds’ condition leading to the greater load capacity; hence 
our solution will be on the safe side. Both schools of thought 
concur for practical purposes in disregarding the region of 
negative pressure; hence the integration of Equation [3] 
need be carried out only on one side of the point of nearest 
approach. 

Substituting from Equations [4] and [5] into [3] gives for the 
normal load per unit width 


where by definition 


4 HT dT 
pan f’ Faia Aeoncrcnean i ct [9] 
(1 + T?)?—4HT 
0 


Equation [8] in conjunction with Equation [9] expresses the es- 
sential relation sought for, connecting load capacity with the 
minimum film thickness ho. Although these equations should be 
credited to Karlson, they have been confirmed by an independent 
derivation. 

To evaluate the factor J/H occurring in Equation [8], we have 
found it sufficient to plot the integrand of Equation [9] as a func- 
tion of 7 for five suitably spaced values of H and to measure 
the area under each curve. It may be shown analytically that 
J/H = 2 when H = 0, and that for perfectly rigid teeth, the 
maximum pressure p,», is infinite when H = 0.770. Thus by dif- 
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ferentiating Equation [4], the maximum pressure is found to oc- 
cur when 7’ equals 1 ft: VV. 3. Itis then given by 


1 


oat ita Basa: 

1 NO 
4 

which becomes infinite when H = 4 ./3/9, or approximately 0.77. 

The values of J/H so obtained are recorded in Table 1, and plot- 

ted against H in Fig. 1. 


TABLE 1 RESULTS OF GRAPHICAL INTEGRATION 

H J/H 

0.00 2.00 

0.25 2.52 

0.50 3.62 

0.625 5.22 

0.70 7.86 

0.75 16.5 

0.77 cs) 

Nore: Hand J are dimensionless; see Equations [7] and [9]. 
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To convert F,, values into the component F of tooth load per 
unit width acting tangentially to the pitch circle, which will be 
needed for computing the torque on the drive shaft, a factor Co, 


depending on the gear geometry, must be introduced, such that | 


where 


Co = ho LE C0s*a hc eee 


Here ko is the ratio of the average supporting action of the film 


at all tooth positions to its value F’,, for the pitch-point phase; 


L, is the average number of pairs of teeth meshing simultane- 
ously, which governs the effective length of contact; and a the 
pressure angle. Gatcombe in the reference cited gave values 
for these constants applicable to a gear and pinion having a 
5:1 reduction ratio with 24 teeth in the pinion, and to a rack 


and pinion described in the Engineering article (1) with 54 | 


teeth in the pinion. 
1.50. 


CALCULATION OF Frum THICKNESS 


Eliminating F,, between Equations [8] and [11], we obtain 


The values of Cy ranged from about 1.26 to | 
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for the relative film thickness, D being the pinion diameter at the 
pitch circle 


ho J 
SAO ud Weel) 5 gee he eee Ae ae 
eG, (3) [13] 
where 
2 Co Zi Ur 
Cpr ec eniP. we. | 
1 FD {141 


To find the correct value of J/H for use in Equation [13], we 
may solve Equation [7] for ho and substitute the expression so ob- 
tained into Equation [13], after which the resulting equation 
may be solved for J/H, giving 


J C. Z 
H ee ei [15] 
where 
a W/ 2p Ce af 
4 C.D Bp oe 


Thus for any value of C2, representing the data of a given prob- 
lem, we may plot the graph of Equation [15] in Fig. 1, or such 
portion as may be required to locate the intersection point. 
The ordinate of this point is the desired value of J/H. 

' It is more convenient in practice to express F in terms of P, 
the load per unit of projected area, this area being arbitrarily 
chosen as the product of the face width into the pitch diameter of 
the pinion. Thus 


Similarly, it is more convenient to express U in terms of the 
pinion speed, or number of revolutions per unit time NV. At the 
pitch point U = U,; = U2, where U; and U? are the tangential 
velocities of the tooth surfaces of pinion and gear, respectively. 
The effects of variations from pitch-point contact are included 
in the factor Cy as shown briefly by Gatcombe (3), although a 
more complete exposition would be reassuring. If now w and 7 
denote, respectively, the angular velocity of the pinion tooth and 
its radius of curvature at the pitch point, it follows from the 
reference cited that U is equal to «, r;. But a equals 27N, there- 
fore 


Making these substitutions, the working constants become 


Ag Co rr ZiN 
C1 = hones (2%) apes ac sate Nt ec etne {19] 
and 
-—l\/; D P 2/3 GaN —l/y 
C= Bey ) (2) eae [20] 
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CONSTANTS OF THE LUBRICATING OIL 


Evaluating Z,, the viscosity at atmospheric pressure, offers no 
difficulty aside from determining the mean effective equivalent 
film temperature, which has been assumed uniform—an im- 
portant problem outside the scope of this paper. Evaluating 
Karlson’s constant k requires an experimental knowledge of the 
viscosity-pressure curve for the lubricating oil at the tempera- 
ture in question. 

When the logarithm of the relative viscosity Z/Z, is plotted 
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against the gage pressure p at constant temperature, the graphs 
for most lubricating oils are by no means straight lines. They 
are commonly convex upward and can only be fitted by straight- 
lines for a short interval near the origin, after which they bend. 
over conspicuously. Karlson’s equation takes account of this: 
fact. From Equation [1] it will be seen that the logarithm of 
Z/Z, equals twice the logarithm of (p + k)/k and approaches 
direct proportionality to the logarithm of p/k as the pressure 
approaches infinity. However, the graph of Karlson’s equation 
falls somewhat below, the true curve for the usual lubricating 
oil, just as the graph of Equation [2] falls too high, assuming that 
all three graphs have the same slope at the origin. This dif- 
ficulty can be corrected to a first approximation by assigning a 
suitable value to the constant k, such that the graph will start 
out too steep, intersect the true curve near the middle of its pres- 
sure range, and drop below it at the high-pressure end, averaging 
about right. 

Let b denote the pressure coefficient of viscosity at atmospheric 
pressure, elsewhere frequently denoted by b;. The pressure coef- 
ficient is the relative or fractional increase in viscosity per unit 
increase of pressure. Its value at atmospheric pressure is equal 
to the initial slope of the curve obtained when the natural loga- 
rithm of the viscosity is plotted against the pressure; and it may 
be taken equal to 2.30 times this slope when the common loga- 
rithm is plotted. Upon differentiating Equation [1], it will be 
seen that b is equal to 2/k, from which 


Now let bo denote the observed value of the initial pressure coef- 
ficient while 6 is the adjusted, or raised value, corresponding to 
the desired effective value of k. The adjustment ratio b/bo 
will evidently be greater, the greater the range of pressure over 
which a fit is required. A perfect fit at the origin would be ob- 
tained when b/bo equals unity. The corresponding value of k 
for use in Equation [1] is given by 


Values of the adjustment ratio b/bo fer two representative 
lubricating oils are plotted in Fig. 2 as a function of p,,, the 
maximum film pressure expected. These values were found by a 
trial fitting of Karlson’s formula to the curves for petroleum 
oil 42 at 77 and 212 F, and castor oil at 167 F, given by Hersey 
and Hopkins in their paper of 1945 (4), Fig. 4. This fitting 
should be extended to a wider variety of oils and to higher tem- 
peratures. Equation [22] has been plotted in Fig. 3. 


NuMERICAL EXAMPLES 


In Tables 2 and 3 are given the results obtained by Equations 
{13], [15], [19], and [20], and associated procedure, for the five 
problems which had been solved in Gatcombe’s paper (3). It is 
surprising what close agreement is found, considering (a) that the 
accuracy of his integration has been questioned, (b) that the vis- 
cosity-pressure relations used in his paper are based on a straight- 
line logarithmic equation, and (c) that our own adjustments for 
evaluating the viscosity constants are far from precise. 

The symbols appearing in the tables have all been defined 
previously except for the abbreviations of units, most of which 
are familiar. The abbreviation m following the viscosity Z; 
refers to the millionth part of the pound-second per square inch, 
a convenient unit coming into more frequent use, equal to ap- 
proximately 6.9 centipoises. This abbreviation is again em- 
ployed in tabulating the values of Z,N/P, which are 60 X 10§ 
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times as great as the values required for use in theoretical equa- 
tions like [19] and [20]. 

In Table 3 the first two columns of h)/D values are, respec- 
tively, those computed by Professor Gatcombe in the paper 
cited, and by the present authors, as explained in footnotes a and 
b of the table. The third column contains the limiting values for 
the imaginary case of zero-pressure coefficient, computed from 
Equation [13] with J/H set equal to 2.0, which is the value 
corresponding to H = 0 or k = infinity in Equation |7]. The 
value 9.1 microinches per in. in problem No. 5 is recorded for 
comparison with the value 8.9 reported by Engineering. Finally, 
in the last column of Table 3 the influence of pressure on viscos- 
ity is plainly shown by tabulating the ratio of the film thickness, 
calculated for a given pressure coefficient, to that calculated for a 
zero coefficient this ratio varying from approximately 1 to 10. 
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Fitm-THICKNESS CHARTS 


Under the basic assumptions stated, dimensional analysis | 
shows that the relative thickness ho/D for geometrically similar 
pairs of gears can be plotted against the operating variable 
Z,N/P and represented completely by a single family of curves, 
each identified by a constant value of one dimensionless parame- 
ter, provided the viscosity-pressure curve can be represented 
by an empirical equation containing only one constant besides Z;. 
Both Equations [1] and [2] satisfy this condition. When Equa- 
tion [2] is chosen, and 6 replaced by its equivalent bo/2.3, the re- 
quired parameter turns out to be bbP. Such a chart was given by 
Hersey and Hopkins in Fig. 2 of their paper (4), the notation b,P 
then being used, and its value recorded as a percentage. 

A chart of the same general type is now given in Fig. 4 using 
the parameter k/P based on Equation [2]. The value of k re- 
quired in the application of this chart is that providing the best 


TABLE 2 DATA FOR PROBLEMS 


(Abbreviation m denotes millionths of a lb-sec/sq in. 


Problem N F ig 
no. rpm lb/in. psi 

1 1750 197 98.5 
2 1160 300 150 

3 1750 197 98.5 

4 1750 197 98.5 

5 846 267 19.1 


10~3pm Temp Zi 1055 105bo 
psi deg F m psi~! psi~} 
56 95 5.5 8.74 20.1 
100 95 5.5 8.74 20.1 
206 199 0.26 4.14 9.54 
82 198 3.5 3.97 9.14 
7.3 100 10.2 7.14 16.5 


TABLE 3 SOLUTION OF PROBLEMS 


(Mi/in. denotes microinches per inch of pinion pitch diameter; m denotes millionths of a lb-sec/sq in.) 


Problem k Z:N/P 
no. b/bo psi k/P m rpm/psi 
1 1.80 5530 56 97.8 
2 2.138 4660 32 42.6 
3 2.12 9890 100 4.6 
4 28 17100 174 62.2 
5 PEL 10500 550 456 


* From E. K. Gatcombe’s paper (8). 
b By calculations of present paper. 
¢ For viscosity unaffected by pressure. 


ho/D ho/D ho/D Pressure 

mi/in.% mi/in.6 mi/in. ¢ effecté 
8.4 8.1 1.52 5.3 
6.4 6.8 0.66 10.3 
Ona 0.7 0.7 Mit 
Ong, 3.0 0.97 3.1 
10.4 11.4 9.1 1.3 


4 Ratio of ho/D for the given pressure coefficient to that for zero coefficient. 
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fit of Karlson’s formula to the experimental viscosity-pressure 
curve. Figs. 2 and 3 have been offered as a tentative guide in 
evaluating k until more systematic information can be made 
available. 

The three curves labeled k/P = 50, 100, and 200, were com- 
puted from Equations [13], [15], [19], and [20], and Fig. 1, 
without the aid of Figs. 2 and 3. These latter diagrams are 
called for only in the application, not in the construction of Fig. 4. 
The straight graph, identified by k/P = infinity, was constructed 
from Equation [13] in the special form corresponding to H = 0, 
namely 


meat EN SrOotis 2s) Sain ale uses [23] 
D Di P 


Equation [23] is equivalent to an equation published by Karlson 
(2), connecting the film thickness ho with the normal tooth load 
F,. The small diagram in the upper corner of Fig. 4 shows on a 
compressed scale the corresponding graph for the rack and pinion 
described in Engineering (1), together with an isolated point 
representing our solution of problem No. 5. The ho/D values 
computed for Table 3 fall exactly into place on Fig. 4 and might 
have been determined directly from the chart by interpolation. 

The main family of curves in Fig. 4 should be found applicable 
not only to the gear and pinion described, but to any pair geo- 
metrically similar to these, regardless of absolute size; and to 
any lubricant following Karlson’s equation, regardless of abso- 
lute viscosity. Moreover, it should be possible from the calcula- 
tions developed in this paper to construct the appropriate charts 
for any pair of spur gears operating in accordance with the basic 
assumptions outlined. From an intercomparison of such charts 
the influence of the purely geometrical factors might be more 
clearly brought out. 
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Novation 
The following notation is used in the paper: 


Co = dimensionless constant depending only on the gear geome- 
try; defined by Equation [12] 
C, = dimensionless constant defined by Equation [14] 
C, = dimensionless constant defined by Equation [16] 
D = pinion pitch diameter 
F = component of F,, tangential to pitch circle 
F,, = normal force on tooth per unit of face width due to film 
pressure 
H = dimensionless quantity proportional to Z,U/k and depend- 
ing also on film thickness; defined by Equation [7] 
J = dimensionless quantity proportional to tooth load; de- 
fined as a function of H in Equation [19]. 
L, = average number of teeth meshing simultaneously 
N = pinion speed in revolutions per unit time 
P = tooth load per unit of projected area formed by face width 
multiplied by pitch diameter; or ratio F/D, Equation 
(17] 
T = ratio of distance along tooth profile to square root of 2rho, 
defined by Equation [5] 
U = mean of U; and U2 
U, = tangential velocity of pinion-tooth surface 
U, = tangential velocity of gear-tooth surface 
Z = viscosity of lubricant at any point in film, as affected by 
pressure and temperature 
Z, = viscosity at atmospheric pressure but' at temperature of 
film 
b = pressure coefficient of viscosity at atmospheric pressure, 
evaluated for optimum fit between theoretical and ob- 
served viscosity-pressure curves 
bo = observed pressure coefficient at atmospheric pressure 
ho = film thickness at point of nearest approach, also called 
minimum film thickness 
k = empirical constant in Karlson’s parabola, Equation [1], 
expressing the viscosity-pressure relation 
ko = ratio of average F, for all contact phases to value of F, 
for contact at pitch point 
p = fluid pressure at any point in film as a function of z or T 
Pw. = Maximum value of p 


‘1040 


1 = effective contact radius defined by Equation [6] 

or, = radius of curvature of pinion tooth at contact point 

- y= corresponding radius of curvature of gear tooth 

distance along tooth profile from point of nearest approach. 
considered positive in the direction of motion 

= pressure angle fixed by gear geometry 

6 = empirical constant in Equation [2] proportional to pressure 

coefficient of viscosity 
x = as usual, 3.1416 
@, = angular velocity of pinion 
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Discussion 


H. Brox.‘ The paper touches upon the following important 
question, which forms the background to the present discussion: 
What are the limits inherent in the hydrodynamic lubrication of 
straight spur gears? Under the authors’ five basic assumptions 
the answer doubtless is: There are no such limits, if viscosity in- 
creases quadratically with pressure according to Karlson’s para- 
bolic Equation [1]. This can easily. be verified by referring to the 
critical cases, that is, the limiting cases where maximum oil pres- 
sure p,, becomes infinitely high (H assumes its critical value 
4/3\/3 = 0.770, as indicated by Expression [10], where H is de- 
fined by Equation [7]). In fact, it was shown by the authors 
that in the critical cases hydrodynamic load capacity F,,, as ex- 
pressed by Equations [8] and [9], will become infinite. In this 
connection it is noteworthy that, in any given spur gear (given ef- 
fective contact radius 7; ‘see [7]) for any given atmospheric vis- 
cosity Z;, velocity U, and tolerable minimum filin thickness ho, 
the critical value of H can in principle always be reached by 
proper choice of the empirical oil constant k, that is, of the oil. 
This indeed leads to the conclusion that, as long as all of the au- 
thors’ basic assumptions as well as Karlson’s viscosity-pressure re- 
lationship can be upheld, hydrodynamic load capacity in principle 
is unlimited. 

It remains to be seen whether or not the basic assumptions 
and Karlson’s relationship can be upheld, when the critical cases 
are approached. 

In so far as Karlson’s relationship is concerned, this was ac- 
knowledged by the authors to break down for the high oil pres- 
sures involved in the cases contemplated. Then, the following 
generalized viscosity-pressure relationship would have to be sub- 
stituted for Karlson’s 


Tice DCU ebip/ he) teaches alien [24] 


where n would be greater than 2; particularly, the higher the 
maximum oil pressure to be accounted for, the higher would n 
have to be. 

With the foregoing generalized relationship, it is found that 
the critical cases, where maximum oil pressure becomes infinitely 
high, occur when the quantity H (see Expression [7]) becomes 
equal to its critical value H, 


ice A /0N7 3 (it) ee 25] 


For instance, for n = 8, which the authors found to hold good 
for castor oil, H, would amount to 4/2103 = 0.110. 

Further, it proves that, in contrast with n = 2 as in the paper 
(or more generally, n < 3), as soon as n is greater than 3, hydro- 
dynamic load capacity in the critical cases no longer becomes in- 
finitely high, but remains finite, notwithstanding that maximum 
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oil pressure continues to be infinitely high.’ This can be shown 
in the following way: — 

With Equation [24] instead of Karlson’s relationship, Equation 
[1] of the paper, it can easily be deduced that the distribution of 
oil pressure p in the film, as a function of the variable 7’, is given 


by 
me NS 26] 
Die [41 — (n= 1) He 40/1 12) et 1]--! 
so that maximum pressure pmax, Which occurs in the film section 


defined by 7 = Viale is 
abel 
nt 11.7) 
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In fact, for n = 2, Equation [26] reduces to the authors’ 
Equation’ [10] and, for H = H, (compare Equation [25]), max 
becomes infinitely high. 

With Equation [26], instead of the authors’ Equation [8], we 
now arrive at the more general expression for hydrodynamic load 
capacity F,, (compare Equation [3] of the paper): 


where J, represents the integral 
oho 16 -Y , paces | 
= Et — oe SS ams eee | dT 
Jn ih i aA/5 tl = = 


For the critical cases H = H,, it now follows from analytical 
inspection of the singularity then occurring in the integrand of 
Equation [29] at 7 = 1/V/3, that, in fact, as soon as n > 3, hy- 
drodynamic load capacity remains finite, as then the Integral 
[29] converges. 

_By numerical evaluation it was found that for n = 4 and 6, 
in the critical cases H = H,, the factor J,,/H amounts, respec- 
tively, to 11.9 and 7.25; this means that in these critical cases, 
the relative gains in hydrodynamic load capacity, as compared 
with the classical case where viscosity is assumed to be inde- 
pendent of oil pressure, are 5.95 and 3.63.6 It can be shown that 
at increasing values of n the critical J,,/H from Integral [29] 
monotonously decreases toward an asymptotic limit; this could 
be checked if the authors would communicate the critical value of 
the integral, Equation [29], that they computed for their value 
ofn = 8, 

Thus it would appear that with n > 3 the generalized viscos- 
ity-pressure relationship, Equation [24], in fact, results in a gain 
in hydrodynamic load capacity; this in contradistinction to the 
authors’ case n = 2, where the gain is infinitely great. In this 
respect it should be noted that values of n greater than 3 (such as 
8) are more representative of actual lubricating oils than the orig- 
inally proposed value n = 2. Let us consider this point further 
in the light of the theory by Gatcombe,? who used the same basic 
assumptions as the authors, but based his calculations on a vis- 
cosity-pressure relationship different from Equations [1] and [24], 


* By utilizing the method worked out by W. Weibull in his paper: 
“Glidlagerteori med variabel: Viskositet”” (Theory of Slider Bearings 
With Variable Viscosity) in the Swedish journal Teknisk Tidskrift, 
Mekanik, vol. 55 (1925), pp. 164-167, it can also be shown that, if in 
Equation [24] the exponent 7 is smaller than unity, there are no criti- 
cal cases at all; in other words, maximum oil pressure then could 
never become infinitely high. 

‘It should be noted that for pressure-independent viscosity the 
factor J,/H from Equation [28] assumes the value 2. 

7 Reference is to author’s Bibliography (3). 
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that is, on the exponential relationship Equation [2] of the paper. 

Now, the authors themselves have already compared Gat- 
combe’s results with theirs (Table 3), but, as Gatcombe had not 
been able to evaluate his theory in an exact analytical way, for 
their purpose the authors had to confine themiselves to Gatcombe’s 
“approximate” evaluation. However, it can be shown by the 
following arguments that the approximation involved is no 
longer tolerable when a critical case is approached. 

Gatcombe’s exact result can be written in the form of Equation 
[28], if the numerical factor (J,,/H) is replaced by B 


nv 
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where the nondimensional quantity is defined by 
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if Gatcombe’s notation is upheld, or, if rewritten in the authors’ 
notation by 


A = ZUCr) hy 8 In 10. cs. ee [32] 


Gatcombe’s approximation amounts to the same thing, as re- 
placing the exact value of B Integral [30] by the approximate one 


2 3V/3 
A -In cee )|. [33 ] 


As was shown by Gatcombe, with the exponential viscosity- 
pressure relationship, Equation [2] of the paper, critical cases 
arise, that is, maximum pressure theoretically becomes infinitely 
high, when A becomes equal to its critical value’ of 4/ 3V/3. 

Whereas, for the critical value of A, the integrand of Integral 


[30] shows a singularity at S = 7/6, it can be shown by analytical. 


inspection that vet this integral converges, so that the corre- 
sponding value of B or, say, hydrodynamic load capacity remains 
finite in the critical cases. On the other hand, Gatcombe’s ap- 
proximate value for B (see Expression [33]) becomes infinite for 
the critical value of A. This proves that, in fact, Gatcombe’s 
approximation is no longer tolerable when a critical case is 
reached or approached. 

in view of the background to the present discussion, we are 
left with the problem of computing, from Integral [30], a work- 
able expression for B that is applicable at least to the critical and 
the near critical cases. Fortunately, it proves that an exact 
evaluation of the integral of Hquation [30] is possible, so that this 
evaluation is even applicable to the whole physically significant 
range 0 < A < 4/3V/. 3. The method of exact evaluation 
found will now be elucidated, the more so as it is also applicable 
to the authors’ Integral [9]. 

Changing to the authors’ variable 7, and partially integrating 
Integral [30], it is easily found that 


as ; TdT 
- o (1+ 7T?)?—4AT 
TdT 
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The foregoing two integrals can, in fact, be evaluated in terms of 
elementary functions by observing that the integrands can be re- 


.. [34] 


8 By sheer coincidence the critical value for A happens to be the 
same as the one for the authors’ H in their case of n = 2. 
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solved into partial fractions of no higher than the second degree, 
namely, as follows: 

According to Descartes’ well-known method of solving biquad- 
ratic equations, the form [(1 + 72)? — 4AT’] can be resolved into 
the product of two quadratic forms 


(1 + T?)2?—4AT = (72? —uT +0) T? + uT + w). [35] 


where wu, v, and w are determined, for any given A, by the positive 
root of Descartes’ “cubic resolvent’’? 


yet Ae 16 AB SO a ses trem stare ante [36 } 


That is, w, v, and w follow consecutively from the formulas 


v= 3 (24+ y—44/Vy) = 4 (2 + wt — 4A/u).. [376] 
0) 4 (2 +yt+t 44/~/y) = 5 (2 + uw? + 4A/u).. [37c] 


In this way, the integrals in Equation [34] were actually evalu- 
ated in an exact analytical way. As, however, for an arbitrary 
value of A, within the range 0 < A < 4/3V/3 to be considered, 
the expression for B is rather unwieldy, the expression for the 
critical case only of A = 4/3 V/3 will be given here, namely 


BS - [(a/oe 5 SNE ee w/ou 
tan-! (20/2) |] = 4.588...... [38] 


Thus we arrive at the conclusion that, with the exponential vis- 
cosity-pressure relationship Mquation [2] of the paper, in the 
critical cases hydrodynamic load capacity is only 4.588/2 = 2.294 
times as high as it would be when viscosity is constant, that is, 
not affected by pressure. This entails, of course, that Gat- 
combe’s approximation can no longer be upheld in those cases 
where it predicts a relative gain (called ‘pressure effect,’’ in the 
last column of the authors’ Table 3) in hydrodynamic load ca- 
pacity that is greater than 2.294. Such cases are represented by 
Gatcombe’s problems Nos. 1, 2, and 4; thus only to problems 
Nos. 3 and 5 can some significance be attached for the authors’ 
purpose of comparing their results with Gatcombe’s. 

So far, the authors’ and Gatcombe’s basic assumptions have 
been upheld; it remains to be seen, however, whether these as- 
sumptions are permissible, and if not sufficiently so, when they 
will break down. Here we shall solely consider the question of 
the validity of the assumption about the perfect rigidity of the 
mating tooth faces. The reason that it can be made acceptable 
is that only the elastic distortion of the tooth faces, such as ace 
tually occurs when oil pressures in the film are sufficiently high, 
can, in conjunction with the increase in viscosity with pressure, 
contribute substantially to hydrodynamic load capacity; thus 
we might arrive at an explanation of the remarkable fact that in 
practice there are many cases of gears where hydrodynamic load 
capacity obviously is very much greater than would be predicted 
by Martin’s anonymous paper (1)!! on the elementary theory of 
hydrodynamic lubrication of gear teeth. 

It will be evident that tooth faces may no longer be considered 


* It is easily demonstrated that, for0 < A < 4/3+/3, which is the 
physically significant range of A, the cubic Equation [36] has one 
positive root only. 

10 The type of elastic distortion meant here was called “‘hydrody- 
namic depression’”’ in the present writer’s paper: ‘Fundamental Me- 
chanical Aspects of Thin-Film Lubrication,’”’ (read on March 4, 1950, 
before the New York Academy of Sciences); in this paper further 
particulars about the relevant gain in hydrodynamic load capacity 
can be found. 

11 Reference is to authors’ Bibliography (1). 
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to be perfectly rigid in those cases where the maximum film pres- 
sure, as calculated by the theory to be checked, attains or exceeds 
the order of magnitude of the Hertzian contact pressure that 
would obtain for the load considered if there were no oil film at all. 
In fact, in such cases the elastic distortions of the tooth faces un- 
der the high oil pressures must be comparable with those accord- 
ing to the Hertzian theory of elastic contact. This means, how- 
ever, that, with the small minimum film thicknesses involved, the 
geometry of the film, and thereby the distribution of film pres- 
sures and hence the corresponding hydrodynamic load capacity, 
must be altered appreciably. Examples of the foregoing cases 
are provided by all of Gatcombe’s problems, except No. 5 (com- 
pare the authors’ Table 3). 

It would also appear that the somewhat disturbing critical 
cases with their infinitely high maximum oil pressures would dis- 
appear automatically when the elastic distortions of the tooth 
faces are taken into account. Anyway, in cases representative 
of the beneficial effects on hydrodynamic load capacity of the 
increase of viscosity with pressure, the additional beneficial ef- 
fects of the elastic distortions mentioned have to be accounted 
for simultaneously. Of course this renders the computer’s task 
much more difficult; however, some headway has already been 
made and it is hoped that the results can be published in the not 
too distant future. 


AutTHoRs’ CLOSURE 


It is reassuring to have Mr. Blok’s opinion that the effect of 
elastic deformation is to increase the film thickness. This con- 
firms the authors’ belief that the assumption of rigid teeth gives 
film thickness values on the safe side, the true values being 
greater than calculated. It was not the authors’ desire to defend 
that assumption but only to treat it as a limiting case. Let us 
hope that new investigations will soon be available in which 
elastic deformation is combined with hydrodynamic action. 
Meldahl?? took a long step in this direction but did not include 
the viscosity-pressure effect. 

Mr. Blok offers constructive comment in two principal direc- 
tions: first, by explaining the question he had raised (5) re- 
garding the accuracy of Gatcombe’s theory, and providing an 
exact analytical solution; second, by outlining a solution for 
rigid teeth based on a more general form of the viscosity-pressure 
relation, namely Equation [24]. 

This equation is a fairly obvious generalization of Fearlaont 8 
parabola, the only change being the substitution of an empirical 
exponent n in place of the parabolic exponent 2. The same gen- 
eralization had also been investigated by the authors, and the 
main results stated during the oral presentation of the paper. 
These are summarized below in response to Mr. Blok’s inquiry 
regarding the critica] value of the load integral in Equation [29] 
when n = 8, 

Proceeding as in Karlson’s paper except for the use of n in 
place of 2, the authors had arrived at relations identical with 
Equations [26] to [29] by completely analytical steps. Equation 
[29] was then integrated graphically for chosen values of H, 
leading to the round number J,/H = 6 when n = 8 and H has 
the critical value H, = 0.110. An analytical proof that the load 
integral remains finite in the critical case if n is greater than 3 
had been given by Mr. Lowdenslager. 

A more precise solution was then made in which the area under 
the pressure curve was evaluated by a semianalytical method. 


% “Contribution to the Theory of the Lubrication of Gears and of 
the Stressing of the Lubricated Flanks of Gear Teeth,” by A. Mel- 
dahl, Brown Boveri Review, vol. 28, 1941, pp. 374-382. 
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The tail of the diagram from 7; to infinity, where 7; is large com- 
pared to the value 7 at which the formula gives infinite pressure, 
was computed by treating 7To/7' as a negligible quantity. The 
peak area was evaluated by neglecting 7-7) in comparison with 
T, using a factored expression kindly suggested by Prof. J. T. 
Burwell, Jr., of M.I.T. The mean of both methods gave J,/H, = 
6.2. This is in good agreement with a more exact value, 6.23, 
communicated by Mr. Blok. In fact, Mr. Blok and the authors, 
working independently, arrived at similar conclusions on every 
essential aspect of the problem. 

All the values found for J,,/H, are plotted in Fig. 5 as a function 
of n. Fig. 6 has been constructed with the aid of Fig. 5 and can 
be offered as a tentative generalization of Fig. 1. In Fig. 6 the 
dashed curves for n = 3, 4, 6, and 12 have been drawn in free- 
hand from H = 0 to their known end-points corresponding to 
H, = 0.384, 0.257, 0.154, and 0.070 respectively, and faired by 
cross-plotting of H against n at constant values of the ordinate. 

From Fig. 6 and its future refinements, in conjunction with 
Equations [13], [15], [19], and [20] of the paper it should be 


possible to generalize the film-thickness chart, Fig. 4, for all - 


values of n. In the meantime, the practical use of Fig. 4, with 
Karlson’s exponent 2, requires only that suitable values be se- 
lected for the empirical constant k with the aid of Fig. 3, as de- 
scribed in the paper. 
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Thermal-Shock and Other Comparison Tests 
of Austenitic and Ferritic Steels 


for Main Steam Piping 


By W. C. STEWART! anp W. G. SCHREITZ,! ANNAPOLIS, MD. 


Thermal-shock tests of 6-in. pipe-and-valve assemblies, 
representing both austenitic and ferritic steels in 80 and 
160 schedules, are described. The shock-testing procedure 
was devised to simulate conditions resulting from carry- 
over of boiler feedwater into main steam lines operating 
at 900 or 2000 psi pressure, 1050 F temperature. Other 
test procedures described include cyclic deflection tests of 
full-size mock-ups consisting of 160 schedule pipe and 
valves for simulating expansion bends. Results are re- 
ported for mock-ups of both austenitic and ferritic ma- 
terials which were tested at 2000 psi pressure, 1050 F tem- 
perature. Each assembly was subjected to 4000 or more 
deflections corresponding to expansion cycles that would 
obtain on heating up a piping system from room tem- 
perature to 1050 F once every 2 days for approximately 
20 years. 


INTRODUCTION 


ECISION to investigate the feasibility of utilizing 18-8 
ID chromium-nickel-type steel for main steam piping for 
1050 F temperature service was prompted by the superior 

strength properties of the material at temperatures above 1000 F. 
Moreover, the superior high-temperature properties of the austen- 
itic steels over the ferritic steels for temperatures above 1000 F 
are reflected in the higher working stresses allowed by the ASME 
Boiler Code. The higher working stresses for austenitic steel 
should permit the use of thinner and lighter pipe which, at the- 
higher pressures, is particularly advantageous from the standpoint, 
of increased flexibility and weight saving. On the other hand, 
thermal expansion is greater for austenitic steel than for ferritic 
steel, and this fact must not be overlooked in considering flexi- 
bility factors. 

No experience with austenitic steel for main steam piping has 
been reported, although the material has been used for boiler 
feed lines. H. Weisberg? has reported on cyclic heating tests of 
main steam-piping joints between ferritic and austenitic steels. 
Reports from the oil industry of failures of components in pipe 
lines used to convey charges of hot oil from cracking stills created 
doubt as to the suitability of austenitic steel for main steam 
piping. 

It is reported that components in austenitic-steel pipe lines have 
shown much greater susceptibility to cracking as a result, of 
thermal shock produced by the periodic flow of hot oil than have 
similar components of ferritic-steel pipe lines. In view of this 


1 United States Naval Engineering Experiment Station. 

2“Cyclic Heating Tests of Main Steam-Piping Joints Between 
Ferritic and Austenitic Steels—Sewaren Generating Station,’’ by 
H. Weisberg, Trans. ASME, vol. 71, 1949, pp. 643-649. 

Contributed by the Power Committee and presented at the Spring 
Meeting, Washington, D. C., April 12-14, 1950, of Toe Ammrican 
Socrery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, February 
27,1950. Paper No. 50—S-23. 


information it did not seem unreasonable to assume that au- 
stenitic steel might exhibit similar susceptibility in steam service 
under conditions of thermal shock occasioned by boiler-water 
carry-over. Moreover, experience has been cited which indicates 
strength deficiencies for austenitic-steel castings as well as for 
welded joints between austenitic pipe and castings. 

There are numerous points of difference between pipes carrying 
hot oil as previously mentioned and main steam lines. In the 
case of oil pipe lines, the pressures are fairly low and the tempera- 
ture of the oil high. For steam lines under consideration the 
pressure is high and the temperature intermediate by comparison. 
In the oil pipe lines conditions producing high thermal gradients 
recur regularly, while conditions producing similar gradients in 
steam lines occur only infrequently as a result of boiler-water 
carry-over. Then, there is the difference in heat-transfer char- 
acteristics for the two processes which appears to be an important 
factor in favor of steam applications. Hot oil on passing through 
a relatively cold pipe causes the inside layer to expand. This 
expansion is resisted by the colder outer layers with the result 
that the inside is stressed in compression. Cracking occurs on 
cooling when the inside of the pipe is in tension. 

The introduction of a quantity of boiler water along with the 
steam flow cools the inside surface, producing a thermal gradient 
in the pipe wall. Contraction of the quenched layer is resisted 
by the outer layers of the pipe which are at higher temperature, 
with the result that the inside of the pipe is subjected to a tensile 
stress. Therefore any tendency to cracking in steam pipes under 
thermal shock associated with feedwater carry-over would be ex- 
pected to occur on quenching. 

In setting up the test program, it was decided to subject full- 
scale pipe-and-valve assemblies to thermal-shock conditions 
simulating boiler-water carry-over. It was reasoned that this 
procedure would produce the maximum temperature gradient in 
the pipe wall that could be expected in service. A second series 
of tests included in the program consisted of subjecting full-scale 
mock-ups to deflection cycles designed to simulate stress condi- 
tions produced in expansion loops on heating and cooling. At 
the outset, it was the intention to test only the austenitic material 
under thermal shock. Later,’ it was decided to conduct parallel 
tests of 21/, Cr-1 Mo steel throughout. 

In order that information on the strength properties of the 
particular test materials might be available, a laboratory test 
program was included as a phase of the investigation. Speci- 
mens for this purpose were fabricated from sections of 6-in., 80, 
and 160-schedule pipes and cast cylinders designed to simulate 
cast valve bodies. The same welding procedures were employed 
in fabricating these test sections as were used in welding the 
thermal-shock assemblies and mock-ups. 

Welding of the original test assemblies, including the specimens 
for the laboratory test program, was performed by a large com- 
mercial fabricator utilizing production welding practices with re- 
gard to qualification of welders, number of welders employed on 
the job, shift work, and extent of supervision exercised over the 
welders. 
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STEWART, SCHREITZ—TESTS OF AUSTENITIC, FERRITIC STEELS FOR MAIN STEAM PIPING 


DEscRIPTION or THERMAL-SHOCK Test ASSEMBLIES 


Details of the thermal-shock test assemblies are shown in 
Fig. 1. Four 6-in. assemblies are shown. Two are of austenitic 
steel, type 347, in 80 and 160 schedules, and the other two ferritic 
steel, Type T-22 in the same schedules. The lighter assemblies 
were prepared for testing at 900 psi pressure, 1050 F temperature, 
and the heavier specimens for testing at the same temperature, but 
at 2000 psi pressure. Each assembly contains two pressure- 
seal bonnet gate valves, one of cast material and the other of 
forged material, both of similar composition to the pipe. The 
160 schedule austenitic assembly contains a 36-in. length of 21/4 
Cr-1 Mo steel pipe at mid-length, while the ferritic assembly con- 
tains a similar length of austenitic-steel pipe. This arrangement 
permitted the simultaneous testing of joints between the dis- 
similar steels. In the austenitic assembly a transition type of 
welded joint was employed, while the dissimilar materials in the 
ferritic assembly were joined by means of V-type welds. Details 
of the transition-type joint are given in Fig. 1. No dissimilar 
metal sections were incorporated in the 80-schedule thermal- 
shock assemblies. 

Fig. 2 shows the design of the V-type weld employed in welding 
the thermal-shock assemblies. The welds of the ferritic-steel 
assemblies, except for the welds joining the dissimilar pipe sec- 
tion, were made with 2!/, Cr-1 Mo electrodes. The dissimilar 
pipes were welded with 25-20 chromium-nickel electrodes. 
The V-welds of the austenitic assemblies are of two types, those 
made with 19-9 Cb electrodes and those made with 25-20 elec- 
trodes as indicated in Fig. 1. 


Fig. 2. Deraits or V-Type WELDED JOINT 


The 2!/, Cr-1 Mo steel pipe is in accordance with ASTM 
A158-46T, except that chemical requirements are as per 
ASTM Specification A213-46T for Grade T-22., 


The prescribed welding procedure included the following: 


All joints of 2!/, Cr-1 Mo steel were preheated to a minimum 
temperature of 400 F for welding, and this temperature was 
maintained until final heat-treatment was accomplished. After 
welding and while the interpass temperature was held, a circum- 
ferential band on each side of the weld, having a width of not less 
than 6 times the section thickness of the pipe, was heated uni- 
formly to a temperature within the range 1325-1350 F. The 
zone was maintained at this temperature for a period of time 
equivalent to 2 hr per in. of thickness. Retarded rates of cool- 
ing were employed. 

The 18-8 Cb pipe is in accordance with ASTM A158-46T for 
Grade P8d. The pipe was stabilized at 1550 F temperature as a 
final operation, pickled, plus all supplementary requirements of 
specification. No preheat or postheat was employed in welding 
the austenitic-steel pipe. 

The material for the cast austenitic-steel valve bodies is in 
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accordance with ASTM Specification A157, Grade C9, except 
0.10 per cent maximum carbon and columbium stabilized. 
Material for the forged austenitic valve bodies is as per AISI 
Type 347. All bodies were given the following treatment: 

Heated to 1850 F minimum, held for 4 hr, and cooled in air 
blast until black. Stabilizing treatment consisted of heating .to 
1575-1625 F, holding for 8 hr, and cooling in air. 

The material of the cast ferritic-steel valve bodies is as per 
ASTM Specification A217, Grade WC3. The chemical composi- 
tion of the forged valves is as per ASTM Specification A213- 
46T, Grade T-22. The valve bodies were heat-treated as follows: 


Cast Bodies: 


Normalizing treatment 

Heated to 1775-1825 F, held for 4 hr, cooled in air 
Air-quench treatment 

Heated to 1675-1725 F, held for 4 hr, cooled in air 
Tempering treatment 

Heated to 1275-1325 F, held for 4 hr, cooled in air 


Forged Bodies: 


Air-quench treatment 

Heated to 1550-1600 I, held for 4 hr, cooled in air 
Tempering treatment 

Heated to 1275~1325 F, held for 4 hr, cooled in air 


Prior to welding, the thermal-shock specimens were drilled for 
thermocouples as shown in Fig. 3., The thermocouple holes are 
0.136-in. diam and are located on the underside of the pipe about 
6-in. upstream from the cast valves, where the quenching action 
would be most severe. The thermocouples are held against the 
metal at the bottom of the wells by coil springs. Drilling these 
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holes prior to welding permitted more accurate depth measure- 
ments to be made. Leads from the thermocouples were con- 
nected to jacks mounted in a panel board, and the circuits to the 
instruments were completed by plugging in on the panel. 

Characteristics of the temperature recorders used in the in- 
vestigation are as follows: 


Four-point recorder, chart speed 8 ipm, 0 to 1200 F, minimum 
time between printed points 1 sec. 

Continuous pen recorder, 0 to 1200 F, chart speed 8 ipm, 
maximum pen speed 4.5 sec for full scale travel. 

Continuous pen recorder, double range 0 to 12 mv and 0 to 
1200 F. Chart speed 8 ipm, maximum pen speed 2.2 sec for 
full scale travel. 
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THERMAL-SHOCK TESTS 


The thermal-shock specimens were set up for test as shown in 
Fig. 4. Steam was supplied from a Bessler boiler and separately 
fired superheater, and thence through a booster superheater be- 
fore entering the test assemblies. The temperature of the steam 
on leaving the Bessler superheater was approximately 930 F. 
The steam at the outlet of the booster superheater was main- 
tained at 2000 psi pressure, 1065 F temperature, which insured 
steam at 1050 F at the test assemblies. The flow of steam was 
maintained constant by means of orifice plates in the discharge 
lines; about 7500 lb of steam per hr was passed through each 
assembly. Steam on leaving the assemblies was passed through a 
desuperheater, thence to a condenser. 

As shown in Fig. 4, two thermal-shock specimens of the same 


Fig. 4 Layour or THERMAL-SHock Trsr SPECIMENS 
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schedule are arranged in parallel with the quenching tower sus- 
pended between them. The tower is provided with four thermo- 
couple wells distributed over its length. Thermocouples placed 
in these wells indicate the water level in the tower. The test 
assemblies are mounted on rollers to prevent longitudinal re- 
straint. Thermal shock is produced by introducing water at the 
saturated temperature into the assemblies after the latter have 
attained temperature equilibrium. The water is introduced 
along with the flow of superheated steam in order more nearly to 
simulate actual service conditions. 

The original plan of test called for shocking the austenitic and 
ferritic assemblies alternately. A few preliminary runs showed 
that this was impracticable as the procedure caused too much 
fluctuation on the boiler, and besides, the main valves were diffi- 
cult to operate with long rods extending outside the protective 
enclosure. Accordingly, one assembly was tested at a time. The 
assemblies were shocked with either 60 or 88 lb of water, cor- 
responding to levels 2 and 3 of the quenching tower. The volume 
of quenching water, whether 60 Ib or 88 lb, had no significant ef- 
fect on the temperature gradients produced in the pipe walls. 

A temperature record was taken for each thermal shock, the 
order of taking thermocouple records being varied so that all 
combinations of temperature differences would be obtained. For 
several runs, records were obtained on a multipoint recorder 
which gave a complete record. However, the printing speed of 
the multipoint recorder was not sufficient to obtain maximum 
temperature differentials. Temperature gradients given in the 
paper represent a composite of several average runs. Readings 
obtained with a differential recorder were not in good agreement 
with the corresponding temperature differentials obtained for 
iron-constantan thermocouples, but the records do serve to con- 
firm a peculiar behavior observed for one of the regular thermo- 
couples. This circumstance will be referred to later in the paper. 

Test data obtained for the thermal-shock specimens are given 
in Table 1. 

TABLE1 TEST DATA FOR THERMAL-SHOCK TEST SPECIMENS 


Ferritic assemblies Austenitic assemblies 
quenched with 60 or 88 pounds of water 
-——Schedule——. ~——Schedule—— 
Condition 80 160 80 160 
Number of thermal shocks........ 125 100 102 
Approximate time for 1 shock cycle, 
| hae et A CRAICEG coche ai Ae Ra CR ar rae 0.5 1 0.5 1 
Maximum temperature difference 
between inside and outside of 


pipe wall during quench, deg F.. 225 210 115 170 
Average time required to produce 

maximum temperature differ- 

ential in Speers ee Be Mee avantire 2 4-5 3 17 
Steam pressure during heating part 

of Bvale, DSi ete Sea se ts 900 2000 900 2000 
Boiler steam pressure, psi........ 1020 2300 1020 2300 
Temperature of pipe prior to 7 

Geren. (Cet Vo RE Decree Baraat = 1050 1050 1050 1050 
4 t f nch water, deg 

Ses pees er 533 635 533 635 


Nore: All four thermal-shock assemblies withstood the 100 or more 
quenching cycles without failure by rupture. 


Time-temperature curves for four locations in the pipe walls of 
the 160-schedule austenitic and ferritic assemblies are shown in 
Figs. 5 and6. These assemblies were quenched with water at the 
saturation temperature (635 F). In Fig. 5 the curve for ,thermo- 
couple T-1 is shown as crossing the curve for thermocouple T-2 
at 16 sec and recrossing at 26 sec. This anomaly was observed 
only in the case of the austenitic assembly, as will be seen by a 
comparison of the time-temperature curves in Figs. 5 and 6. 

Differential thermocouple readings obtained for the austenitic 
assembly also indicated a higher temperature for T-1 than for 
T-2 over a short period of time, thus confirming results obtained 
with regular thermocouples. Similar differential thermocouple 
records. for the ferritic assembly showed no corresponding 
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anomalous behavior. Temperature differentials obtained from 
curves T-1 and ‘T-4 in Figs. 5 and 6 are plotted in Fig. 7. The 
slow response of thermocouple T-1 of the austenitic assembly on 
quenching is indicated by the lower portion of the curve. No 
satisfactory explanation for this behavior is available. 

Similar time-temperature curves for the 80-schedule austenitic 
and ferritic assemblies are shown in Figs. 8 and 9. During these 
tests, trouble developed in thermocouples T-2 and T-3 of the 
austenitic assembly, and in T-3 of the ferritic assembly. In 
view of this, results obtained for these thermocouples are not in- 
cluded in the paper. Temperature differentials for thermocouples 
T-1 and T-4 of the 80-schedule assemblies as taken from the time- 
temperature curves in Figs. 8 and 9 are presented in Fig. 10. 


Srress CALCULATIONS 


Thermal stresses produced in the 160 schedule assemblies as 
a result of the quenching action were calculated from Timo- 
shenko’s’ thermoelastic formula. As the temperature was meas- 
ured at four positions, three positions within the pipe wall and on 
the outside of the pipe, it was necessary to interpolate to find the 
temperature at points between the locations where it was actually 
measured. This interpolation was done under the assumption 
that the temperature varied linearly between successive readings, 
from thermocouple to thermocouple. It was possible to find the 
temperature of the inside wall by extrapolating the values from 
the first two thermocouples as these were quite near the wall. 

The stresses at radii corresponding to the four thermocouples 
were calculated from four integrals which were added to get the 
corresponding integral for outside radius to inside radius. As a 
check the integral from outside radius to inside radius was cal- 
culated in a similar manner, assuming that the temperature 
varied linearly throughout the pipe wall. These yielded values 
are very near the values as calculated by thermocouple-to- 
thermocouple integration. The maximal tensile stress developed 
in each of the assemblies as calculated by this method was about 
the same, namely, 32,000 psi. The maximal tangential stress 
was computed using the formula,‘ developed under the assump- 
tion that the temperature varied linearly from wall to wall. 
Results checked closely with the largest of the stresses computed 
by the method previously described. 


DEscrRIPTION OF Mocx-Ups 


On completion of the thermal-shock tests of the 160-schedule 
assemblies, the valves with connecting section of pipe were re- 
moved for rewelding in mock-ups for cyclic deflection tests. 
In sectioning the thermal-shock specimens, one cut was made 
about 5 in. upstream from the cast valve, and the other 12 in. 
downstream from the forged valve. A 7-in-long section of pipe 
was welded to the pipe adjacent to the cast valve to make the 
assembly symmetrical. Then, S-bends were welded to the ends 
of the pipe and valve assemblies, producing a mock-up as shown 
in Fig. 11. The design of these welds differed somewhat from the 
original welds in that a flat split backing ring with four pins to 
maintain 3/s in. root spacing for the austenitic pipe and 1/, in. 
root spacing for the ferritic pipe was employed. 

As shown in Fig. 11, one end of the loop is anchored and the 
other end pinned to the piston of a hydraulic cylinder having an 
8-in. bore. The free end of the loop is restrained from moving in 
any but the horizontal direction by a 30-in-long sleeve bearing. 
The hydraulic cylinder is supplied with oil at the rate of 50 cu in. 
per min by a motor-driven pump. The direction of the piston is 
reversed by means of an electrically operated four-way valve, the 
length of the stroke being controlled by microswitches. Three 


3 “Strength of Materials,’’ by 8S. Timoshenko, second edition, 
The Macmillan Company, New York, N. Y., vol. 2, 1931, p. 261. 
4 [bid., p. 174. 
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safety devices are contained in the hydraulic system, hy, (GL) Fs 
pressure-relief valve set at 300 psi, (2) a pressure switch adjusted 
to shut down the pump when the pressure exceeds 275 psi, and 
(3) a by-pass valve in a line connecting the ends of the cylinder. 


Resuurs or Mocx-Up Trsts 


Deflection tests were made of the 160-schedule mock-ups at 
room temperature after mounting resistance-type strain gages at 
a number of locations as indicated in Fig. 11. Readings were 
taken on all gages after removing the pin from the shackle of the 


WATER 


piston so as to insure a free-end condition. The connecting pin 
was then replaced without producing appreciable change in the 
initial readings. Next, 2000-psi hydrostatic pressure was ap- 
plied to the assembly, and another set of readings taken. Strain- 
gage readings were obtained for different positions of the piston 
while compressing the loop. Readings were taken about every 
0.3-in. movement of the piston for a total movement of 2 in. 

The relationship between deflection and strain or equivalent 
stress having been established at normal temperature, it was only 
necessary to multiply the normal temperature deflection by the 
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ratio of moduli of elasticity of the material at normal and 1050 F 
temperatures to obtain the deflection necessary to produce the 
corresponding stress at the elevated temperature. For the aus- 
tenitic steel this ratio is 28.8/23.0 = 1.25; and for the ferritic 
steel 30.4/21.0 = 1.45. 

Steam was passed through the mock-up at the rate of 5000 Ib 
per hr, temperature equilibrium at 1050 F temperature being 
established after 6 hr. The unrestrained position of the free end 
of the assembly was determined within 0.02 in. In the case of 
the 160-schedule austenitic mock-up, the stroke was adjusted to 
produce an equivalent stress of approximately 21,500 psi for 


QUENCHED WITH 535° WATER 
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the extreme end of the stroke, and a corresponding stress of 11,500 
psi for the opposite end of the stroke, the variable equivalent 
stress being 10,000 psi. For the 160-schedule ferritic mock-up 
the corresponding stress range was 15,750 to 9750 psi, and the 
variable equivalent stress 6000 psi. The stroke and equivalent- 
stress relationships were based upon strain values obtained for 
gages e and f as shown in Fig. 11. In taking the strain readings 
on the ferritic mock-up, a rosette strain gage containing a 45-deg 
element was placed at location ef. This permitted evaluation of 
shear stress which was found to be negligible. 

The principal stresses computed from the strain-gage readings 
for the cold condition, including the equivalent stresses, are given 
in Table 2. The stresses were computed from the following rela- 
tionships: 


gS = He, + Hey) 
xz i! bars we 

giz Hey + pes) 
u jes a 


Sim A655 S.2= 2 68) 


S, = longitudinal stress, psi 

S, = circumferential stress, psi 
S = equivalent stress, psi 

, = unit strain in z-direction 
, = unit strain in y-direction 
uw = Poisson’s ratio = 0.3 


€ 
€ 


In setting up the test procedure for the mock-ups, it was de- 
cided to subject the members to 4000 deflection cycles. This 
number of cycles was selected as representing the contraction and 
expansion that a piping system would underge if brought up to 
1050 F from normal temperature once every 2 days for approxi- 
mately 20 years. 

The 160-schedule austenitic mock-up was subjected to 4100 
deflection cycles, and the corresponding ferritic mock-up to 4300 
cycles. Neither mock-up showed any effect of the test which 
could be discerned by the operating personnel. The average inlet 
and outlet steam temperatures for the austenitic assembly were 
1055 F and 1045 F. The corresponding temperatures for the 
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TABLE 2 DATA OBTAINED FROM COLD DEFLECTION TESTS OF 160-SCHEDULE MOCK-UPS 


Strain- 
gage -——Principal stresses computed from—— 
loca- strain readings, psi | ——— Equivalent stress, DSi——— 
tion d i Austenitic Ferritic Austenitic erritic 
shown Direction mock-up mock-up ock-up Mock-up 
in on 160 aehpaule 160 schedule 160 schedule 160 schedule 
Fig. 11 pipe (a) (b) (a) (b) (a) (b) (a) (b 
e Lon 24500 il 
g Long 12500 7200 8000 5400 
I Trans —15000 —4800 —13500 —5200 23800 10500 18800 = 9100 
m Long 17800 9400 21900 13400 5 
n ‘Trans 25800 14700 26800 17600 22800 12900 24800-15900 
c Long 21800 11800 17000 10700 
ds‘ Trans 6500 6200 7600 7100 ©} 9400" 880200: 14800" 9300 
i Long —16300 -—6400 —11000 —3900 
k ‘Trans 3800 3800 5700 670028500" 8900/5 14700" = (8380 


(a), Values for maximum inward deflection of loop. 
(0) Values for minimum inward deflection of loop. 


ferritic mock-up were 1057 F and 1048 F. The austenitic 
mock-up was under test approximately 135 hr at 30.4 cycles per 
hr. The ferritic mock-up was under test 116 hr at 37 cycles per hr. 

The next phase of the investigation will consist of similar tests 
of the 80-schedule mock-ups. 

Following the cyclic deflection tests, zero points for the free- 
end condition were determined. The zero point of the free end 
of the austenitic assembly after 4100 deflection cycles indicated 
that the assembly was 0.44 in. shorter than at the start of the 
test. The ferritic assembly after 4300 cycles showed a cor- 
responding shortening of 0.86 in. 

It appears that shifting of the zero point was caused by yielding 
which tended to alter the form of the loop somewhat. At the 
conclusion of the test the maximum stress in the austenitic mock- 
up was 18,000 psi and the minimum stress 8000 psi, as compared 
to an initial range of 21,900 to 11,200 psi. For the ferritic mock- 
up, the maximum stress was 10,600 psi and the minimum stress 
5500, as compared to the range 15,750 to 9750 psi at the start 
of the test. Inasmuch as the tests were conducted at constant 
deflection, the value of the variable stress would not be expected 
to change materially. 


EXAMINATION OF THERMAL-SHOCK ASSEMBLIES AND Mocxkx-UrP 
FoLLowI1nG TEstTs 


The necessity for removing the valves and connecting pipe 
intact from the thermal-shock specimens for rewelding in the 
mock-ups has precluded destructive examination of any of the 
welds excepting those at the ends of the assemblies. In Fig. 1 
the various welds of the assemblies are numbered for convenience 
of reference. 

Thermal-Shock Assemblies—160 Schedule. All welds contained 
in the 160-schedule thermal-shock assemblies were examined by 
an oil-powder method of flaw detection prior to the thermal- 
shock test. Also, transition weld No. 6 was macroetched and 
examined at low power for cracks. Following the thermal-shock 
test the welds again were examined by the oil-powder method. 
Those welds showing indications of defects were macroetched and 
examined. In addition, welds, 5, 6, and 9 were x-rayed, and 
welds 2 and 9 subjected to a peel test which consisted of removing 
the weld metal from the groove in increments ranging from 0.0075 
to 0.030 in. until no indications of cracks were revealed by oil- 
powder inspection. 

Prior to the thermal-shock test, no cracks were observed in the 
weldments of the 160-schedule assemblies as a result of oil-powder 
and macroexamination methods of inspection. Following the 
thermal-shock test, the oil-powder technique revealed cracks 
which were not evident prior to the shock treatment. The 
distribution of these cracks was toward the bottom of the as- 
semblies. 

The welds joining austenitic-ferritic pipe, namely, 25-20 in 


V-type joints and 19-9 Cb in transition-type joints, showed the 
greatest tendency to develop cracks. The etched surfaces of the 
transition joints indicated variations as regards the deposition 
technique employed, in that, in some portions of the joints the 
weld metal was deposited stringerwise while in others in oscilla- 
tions or weaves up to 1 in. in width. 

The 19-9 Cb weld metal in the austenitic piping revealed the 
least tendency toward fissuring. Others’ have observed that 
chromium-nickel compositions of this type, which promote the 
formation of ferrite, are more resistant to fissuring than are the 
fully austenitic weld metals. Results of the peel test performed 
for welds Nos. 2 and 9 showed that cracks indicated on the sur- 
face were removed completely after machining to a depth of 
0.023 in. for weld No. 2 (19-9 Ch), but persisted to a depth 
of 0.375 in. for weld No. 9 (25-20). 

The welds of the 160-schedule ferritic assembly also revealed 
cracks following the thermal-shock test, but the number of cracks 
was less than in the austenitic assembly. The majority of 
cracks occurred in welds Nos. 10 and 15. 

Thermal-Shock Assemblies—80 Schedule. The welds of the 80- 
schedule assemblies were examined after the manner described 
for the 160-schedule assemblies. No cracks were observed prior 
to thermal-shock treatment. Following the thermal-shock tests, 
cracks were revealed by the oil-powder method but were less 
numerous and more uniformly distributed than in the 160- 
schedule specimens. Of the two 80-schedule specimens, the 
austenitic assembly showed the greater tendency toward fissuring, 
the number of fissures being much greater in the 25-20 weld No. 
2 which happened to be located near the inlet end of the as- 
sembly. 

The welding technique employed in producing the 25-20 welds 
in the 80-schedule assembly was at variance with that for similar 
welds in the 160-schedule assembly in that deposition was 
stringerwise. 

Austenitic Mock-Up—160 Schedule. Further examination of 
the welds following 4100 deflection cycles of the 160-schedule 


_ austenitic mock-up showed an increase in the number and mag- 


nitude of cracks in the 25-20 V-joint welds 7 and 8, and in the 
transition welds 5 and 6. In the case of joint 5, the concentration 
of defects was apparently on the ferritic side of the joint along the 
line of fusion between the layer of 25-20 weld metal and ube main 
body of the 19-9 Cb weld metal. 

Testing of the 160-schedule ferritic mock-up was not completed 
in time to include results of oil-powder inspection in the paper. 

The fact that cracks or fissures were not revealed in the welds 
by the oil-powder method until after the thermal-shock treatment 
might indicate that the defects were potentially present as planes 


5 ‘The Effect of Alloying Elements on the Tensile Properties of 
25-20 Weld Metal,’ by H. C. Campbell and R. D. Thomas, Jr., 
Welding Journal, vol. 25, 1946, pp. 760s-768s, 
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TABLE 4 TENSILE TEST RESULTS FOR 0.505-IN. SPECIMENS TAKEN ACROSS V-TYPE WELDS 


Description 
of Specimen 


Specimens taken across 
V-type welded joints 

in 18-8 Cb 16 schedule 
G-inch pipe — welded 
with 19-9 Cb electrodes. 


Specimens taken across 
V-type welded joints in 
18-8 Cb 160 schedule 
6-inch pipes — welded 
with 25-20 electrodes. 


Specimens taken across 


V-type welded joints 
joining cast 18-8 
cylinders — welded with 
19-9 Cb electrodes. 


rar CESeU 


of weakness from the beginning, and that the stress conditions 
imposed by the test caused development into fine cracks. If this 
is correct, it would be expected that continued stressing would 
further aggravate the defects as has been mentioned for the 25-20 
V-joints, welds 7 and 8, and transition welds 5 and 6 of the 160- 
schedule austenitic assembly. These welds were subjected to 
both thermal sheck and deflection cycles. On the other hand, 
fissures would not be expected to develop in sound austenitic 
weldments as a result of the thermal stresses imposed. 

Careful and painstaking control of the entire welding process 
is necessary to avoid fissuring in welds of heavy sections. Opin- 
ion differs as to the relative importance of the various factors. 
The effect of certain residual elements for increasing the sus- 
ceptibility to cracking in a number of the chromium-nickel weld 
metals was pointed out by R. D. Thomas, Jr.6 The same author 
observes that cracks may arise from changes in composition of 
the weld metal by dilution from a dissimilar base metal. O. R. 
Carpenter and N. C. Jessen’ present data to the specifying of 
core-wire analysis which will produce a minimum of microdefects 
in deposited 25-20 welds. Anton L. Schaeffler* has presented 


6 “Crack Sensitivity in Chromium-Nickel Stainless Weld Metal,” 
by R. David Thomas, Jr., Metal Progress, vol. 50, 1946, pp. 474-479. 

7“Some Factors Controlling the Ductility of 25% Cr, 20% Ni 
Weld Deposits,” by O. R. Carpenter and N. C. Jessen, Welding 
Journal, vol. 26, 1947, pp. 727s-740s. 

8 “Selection of Austenitic Electrodes for Welding Dissimilar 
Metals,” by A. L. Schaeffler, Welding Journal, vol. 26, 1947, pp. 
601s-620s. 


Failed in weld. 
Broke in base metal. 
Broke in weld. 
Broke in weld. 
in base metal. 


weld. 


Broke 
Broke 


weld. 
weld. 


base metal. 


weld metal. 


a graphical method for predicting weld-metal composition and 
structure in dissimilar welds. Slight deviations from the ap- 
plicable technique such as a slower rate of progression, a wider 
weave, higher preheat, or a higher current have been mentioned 
by others as contributing factors to the development of fissures 
in austentic welds. 


LaBorATORY TEst PROGRAM 


The chemical composition and tensile properties at normal 
temperature and 1100 F for the test materials are given in Table 
3. The tensile properties were determined with standard 0.505- 
in-diam specimens, most of the results being the average of two or 
more determinations. 

Tensile test results obtained for 0.505-in-diam specimens 
taken across V-type welds in 6-in. 160-schedule austenitic as- 
semblies are given in Table 4. 

Stress-rupture test results at 1000 and 1100 F temperatures for 
specimens prepared from the austenitic and ferritic pipe meterials 
and cast cylinders are presented in Fig. 12. Similar results for 
all-weld-metal specimens and specimens taken across V-type 
welds are shown in Fig. 18. The cast cylinders for simulating 
valve bodies were 12!/:-in. long with the bore tapering from 
mid-point, the maximum wall thickness of 1°/;5-in. being at mid- 
point. 

Fatigue tests were made at 1100 F temperature of conically 
tapered rotating cantilever specimens prepared from the 160- 
schedule pipes, the austenitic all-weld metals, and of specimens 
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Fig. 138 Srress-Ruperure Tests 


taken across V-type welds. The weld zone of the latter was 
located in the middle of the test length of the specimen, the 
critical diameter of the tapered test section being 0.357 in. Re- 


sults of test plotted on a semilogarithmic scale are presented in 
Fig. 14. 


SUMMARY 


Thermal-shock tests have been conducted of 6-in. pipe-and- 
valve assemblies representing both type 347 and 2!/, Cr-1 Mo 
steels in 80 and 160 schedules. The nominal pipe-wall thickness 
for 80-schedule pipe is 0.432 in. and for 160-schedule pipe, 0.718 
in. Each assembly contained two valves, one cast and the other 
forged, of similar composition to the pipe material. The 160- 
schedule thermal-shock specimens contained a 36-in. length of 
dissimilar pipe at mid-length, the type 347 austenitic assembly 
being provided with a length of 2!/, Cr-1 Mo steel pipe, and the 
ferritic assembly with a length of type 347 pipe. The joints of 


the austenitic assemblies were of two kinds, namely, 19-9 Cb 
and 25-20 chromium-nickel. Transition-type welds were em- 
ployed between the dissimilar materials in the austenitic as- 
sembly. A V-type joint made with 25-20 electrodes was em- 
ployed between the dissimilar materials in the ferritic assembly. 
Dissimilar pipe sections were not contained in the 80-schedule 
assemblies. 

The thermal-shock tests were designed to simulate the effect 
of carry-over of boiler feedwater into main steam lines operating 
at 900 or 2000 psi pressure, 1050 F temperature. The assemblies 
were shocked by introducing either 60 or 88 lb of boiler water at 
the saturation temperature along with the flow of superheated 
steam. Each assembly was subjected to 100 or more shocks. 
Temperature differentials in the pipe walls showed that the maxi- 
mum temperature difference between the inside and outside of 
the wall was obtained for the ferritic-steel assemblies. More- 
over, the maximum temperature difference occurred in a much 
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shorter time in the case of the ferritic steel. All four thermal- 
shock specimens withstood 100 or more shocks without failure by 
rupture. 

Measurements of the assemblies following the tests showed that 
the ends of the 160-schedule assemblies had been distorted up- 
wardly about 0.10 in. at the inlet end and 0.20 in. to 0.25 in. 
at the outlet end. The rate of decrease in fracture stress with 
time at 1100 F temperature, as shown in Fig. 13, for specimens 
taken across welds joining a section of austenitic-steel pipe and an 
austenitic-steel casting was disconcerting. However, similar 
tests of specimens taken across welds joining two sections of 
austenitic-steel pipe have indicated normal behavior in this re- 
spect. 

Fatigue tests at 1100 F temperature have shown considerable 
superiority for the 18-8 Cb pipe material. The fatigue strength 
for the 19-9 Cb all-weld metal is considerably lower than for the 
pipe material and apparently controls the fatigue strength of 
specimens taken across 19-9 Cb welds joining sections of pipe. 
Similar specimens taken across welds joining 18-8 Cb pipe to 
austenitic castings showed lower fatigue strength. Comparable 
fatigue values between 107 and 108 cycles are indicated for 25-20 
weld metal and 21/, Cr-1 Mo pipe material at 1100 F temperature. 
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Discussion 


M. L. IreLanp, Jr.2 The marine and stationary power-plant 
industries are both fortunate to have available the important re- 
sults presented in this paper. 

It is reassuring that the piping materials withstood tests of 
such severity with only the smal] amount of damage indicated. 
Presumably these tests correspond to the expected number of 
thermal shocks and normal heating and cooling cycles which will 
be received by similar pipe in a service life of 20 years. 

Such tests are of too-short duration to give much indication of 
the effect of long-time exposure under sustained pressure stresses. 
It has been suggested that the reported cracks in the welding 
zone are due to enlargement of microfissures which may have 
been present before the test. 

If this explanation is accepted then does it not appear likely 
that further enlargement will occur during long-time exposure at 
the service temperature, even if the only stresses present are those 
due to internal pressure? 

In view of this fact, it would appear desirable to perform stress- 
rupture or creep tests on specimens cut from the affected areas 
but at moderate stress levels, corresponding to the operating 
conditions, 

Since this program was initiated, a rational method for cal- 
culating temperature gradients in a pipe subjected to thermal 
shock has become available.” However, this method requires use 
of a constant value for the internal surface heat-transfer coeffi- 
cient. A value of 1000 Btu/hr ft? F was used in these calcula- 
tions since it was expected that surface evaporation would occur. 


° Engineering Department, Technical Division, Newport News 
Shipbuilding and Dry Dock Company, Newport News, Va. Mem. 
ASME. 

10 ‘Heat Transfer,’ by Max Jakob, John Wiley & Sons, vol. 1, 
1949, p. 270. 
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ROTATING CANTILEVER FATIGUE TEST 
TESTING TEMPERATURE 1100°F 
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Fie. 14. Rotating CANTILEVER FATIGUE-TrEST; TESTING TEMPERA- 
TURE 1100 F 


The following illustrations show how the calculated tempera- 
tures compare with the test values reported in the paper. Fig. 
15 is for the ferritic schedule-160 piping and shows quite good 
agreement except for thermocouples T—3 and T-4, 

The initial difference shown for thermocouple T—4 before start of 
the quench indicates that this element was subject to some error. 
It is possible that this was caused by heat losses due to partial 
exposure. 

Another possibility is that wet superex insulation may have 
been applied over this element and the insulation insufficiently 
dried out before testing. The writer has recently employed ther- 
mocouples peened on the outside of a pipe to measure steam 
temperatures and found an error of the same order (25 F) which 
persisted throughout an entire one-day sea trial. Laboratory 
tests showed that about 24 hr at temperature were required to 
dry out the insulation sufficiently to give accurate readings. 

Fig. 16 is a similar comparison of test and calculated values for 
the ferritic schedule-80 piping and shows about the same numeri- 
cal difference but in the opposite direction. 

The test temperatures near the outer wall are higher than the 
calculated values for schedule-160 pipe, but lower than calculated 
values for schedule-80 pipe. 

Comparisons for the two thicknesses of austenitic piping are 
shown in Figs. 17 and 18. In both these cases the observed tem- 
perature differences across the pipe are very much less than cal- 
culated, and the discrepancy is too great to be ascribed to errors 
in temperature measurement. 

In order to explain this discrepancy the indicated surface heat- 
transmission rates were computed from the test data by summing 
up the pipe-wall temperature changes for any interval of time. 
The surface temperature gradient was assumed to be the dif- 
ference between thermocouple T—1 and the saturation temperature. 
The log-mean temperature difference was used for the initial 
phase when the inner pipe-wall temperature was changing rapidly. 
The results of these calculations are shown in Fig. 19. 

These results are considerably different from the assumed sur- 
face heat-transfer coefficient of 1000, and, in general, account for 
the differences between observed and calculated temperatures 
in the pipe wall. 

However, the differences in test heat-transfer coefficients still 
remain to be accounted for. It appears reasonable to expect 
some delay in establishing the full value of this coefficient, but it is 
difficult to understand why the 18-8 piping should have a much 
slower response and reach lower final values. The rapid drop in 
value for the schedule-80 ferritic piping is also curious. 


1056 


THERMAL GRADIENTS FoR ScHeouLe {bo 24CR -IlMo Pipe 
{ ComPARiso OF CALCULATED VALUES 


With Test | REsULTs 


cated db(Setrah TED sal 
\ — —|— — Test RESULTS 
\ Ti..021"| FROM ne WALL 


\ T2=-14G"|From INNER) WALL 


\ Ts .538'| FROM ae WALL 
\ Ta G70"\FRom INNE! 


\ Sw S116 NomMINAL “THICKMEBS 
\ OQ. aids eee 
SS NN U=lo 
2 


lo ts a ~ 


\d \ 
ea SS . 
‘ \ SN 
ts By ere 
1 
\ \ 
u \ 
@ ‘ “ 
) SS \ 
» \ 
Ww > \ 
A 
= in S 
~ N 
\ \ 
SS \ 
\ ~~ 
Ne \ 
: : Z| 
] 
~ 
XN 
~ 
N 
“ 
“ 
Ne = =u 4 
N 
S | 


& 


is Wz Io zo 


Time ~+ SECONDS 


Eran ial i oa 


Fic. 15 TurrmMat Graprents ror ScHepute-160 2!/, Cr- 1 Mo 
Pier. Comparison OF CALCULATED VALUES WiTH Test RESULTS 


It would be helpful to know just how consistent the thermo- 
couple readings were between successive quenches of the same 
piping assembly, as this would indicate what variation is to be ex- 
pected in the heat-transfer curves in Fig. 19. 

One further item which should be established is the actual 
pipe-wall thickness at the points of temperature measurement. 
It is assumed that the piping was ordered to minimum wall 
specifications, in which case there is a permissible overthickness 
tolerance of 22 per cent. 

It is hoped that this discussion has suggested some further 
lines of inquiry which ultimately will add to the value of the 
test results. 


V. T. Maucotm" anp Stpnny Low.!* For many years it has 
been the hope of both the power-plant and refinery design engi- 
neers that they would have a sufficient amount of information 
with regard to this elusive condition. Due to the lack of knowl- 
edge of the conditions existing in high-temperature steam lines, 
flange joints were gradually abolished and replaced with welded 
joints. 

The selection of materials for service at elevated temperatures 
above 900 F is a complex problem and usually results in a com- 
promise of a number of important design and fabricating features, 
such as the following: 


11 Director of Research, The Chapman Valve Manufacturing 
Company, Indian Orchard, Mass. 

12 Research Engineer, The Chapman Valve Manufacturing Com- 
pany. Jun. ASME. 
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Strength and ductility at operating temperatures. 
Resistance to oxidation and scaling. 

Resistance to corrosive attack. 

Retention of satisfactory mechanical and other 
properties after extended exposure under operating con- 
ditions. 

5 Resistance to thermal stresses in applications in- 
volving intermittent heating and cooling which even- 
tually may cause deformation or cracking. 

6 Weldability of the materials. 

7 Structural stability. 

8 Ease of fabrication. 

9 Cost. 


Sl 


Adequacy of a given design, from a structural standpoint, 
requires that it be strong enough under the anticipated service 
conditions and that the stress imposed at the operating load and 
temperature be less than the strength of the material for long 
periods. At the same time, the imposed stress should not be 
much less than the strength of the material at temperature, if the 
design is to be practicable. Therefore all factors must be con- 
sidered individually, especially such factors as consequence of 
failure, economic production, and degree of performance and life 
desired, 

In the introduction we find that the authors were prompted to 
use the 18-8 chromium-nickel steel for 1050 F service due to the 
fact that it had superior high-temperature properties over the 
ferritic types of steel and would permit the use of thinner and 
lighter pipe at higher pressures. This is common practice 
among many design engineers who have based their designs on 
weight saving due to better stress values, but this thinking is 
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likely to be misleading because most of the allowable working 
stresses are obtained from 80 per cent of the 1 per cent creep in 
100,000 hr. However, in the analysis of steels, that is, ferritic 
and austenitic steels, we would very likely find that at certain 
stress levels within indicated temperature range, the austenitic 
steels may be deforming at a much more rapid rate than the 
ferritic steels. This condition is a well-known fact in refinery 
work where severe overstressing may be encountered. 

In 1933'% and in 1938,'4 considerable information was given on 
the behavior of austenitic and ferritic steels at temperatures from 
900 to 1100 F, and service hours up to 48,361 of which 38,921 
had been at 1100 F. Examination of the 18-8 chromium- 
nickel austenitic steel showed that the material deteriorated in 
service due, probably, to the precipitation of chromium carbides 
along the grain boundaries. No stabilizing elements were pres- 
ent in the austenitic steel. There was no evidence of any 
serious reduction in physical properties when operating in steam 
service in the 1000-1100 F range. 

It was also reported that tests of other steels of the low-alloy 
class disclosed no marked change in their properties in this serv- 
ice. Certain tubing and castings were made of a low-alloy, 4-6 
per cent chromium with 1 per cent tungsten. It was reported, 
after a total service of nearly 11,000 hr at 1100 F, that the material 
did not undergo embrittlement, and that long service at high 
temperatures tended to increase toughness and ductility. It 
was also reported that ‘‘austenitic steel was growing at the aver- 
age rate of 4.4 per cent per 100,000 hr, while alloy tubes were 
growing at a corresponding rate of 5.3 per cent. However, 
measurements of a 4-6 per cent chromium-—tungsten tube after 
service of 7465 hr showed no change in dimensions.’’ No evi- 
dence of thermal shock was reported. 

The authors call attention to the fact that experience has been 
cited which indicates strength deficiencies for austenitic-steel 
castings as well as for welded joints between austenitic pipe and 
castings. It is a well-known fact at the present time that if the 
composition of austenitic steel is carefully controlled, with respect 
to the chromium and nickel] equivalents, strength will not be 
lacking. This same composition balance applies to welded 
joints. 

The writers agree there is a great difference between the use of 
austenitic steels in the refinery and in the power plant and also 
agree with the mechanism as brought out by the authors, but be- 
lieve that mechanical stresses have very little to do with any 
damage that may be incurred, and that it is clearly one of thermal 
stress. However, the great question is how are we to measure 
these thermal stresses when they occur so rapidly and are tran- 
sient in effect rather than a steady change of temperature? 

One of the mistakes made by many people is that they consider 
the austenitic steels of 18-8 to be single-phase alloys. This is not 
true because we know that austenite is not thermodynamically 
stable at room temperature, with the result that we are likely to 
have a two-phase alloy, in which one portion is ferrite, while the 
other is undergoing transformation from austenite, 

In the stress calculations the authors have assumed that the 
temperature varied linearly between successive readings, as shown 
by Timoshenko’s thermoelastic formula.!5 This assumption, 
however, may not be correct particularly in medium-heavy walls, 
as denoted by a valve where the stationary temperature distri- 


18 ““High-Temperature-Steam Experience at Detroit,” by P. W. 
Thompson and R. M. Van Duzer, Jr., Trans. ASME, vol. 56, 1934, 
pp. 497-506. , 

4 “High-Temperature-Steam Experience at Detroit,” by R. M. 
Van Duzer, Jr., and Arthur McCutchan, Trans. ASME, vol. 61, 
1939, pp. 383-398. 

15 Authors’ reference (3), p. 261. ' 
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bution is no longer a linear function of r and is represented by 
Equation [239]. 

The tendency of the two types of austenitic weld deposits 
presumably to fissure during stress cycling is quite disturbing in 
view of the large number of similar austenitic welds currently 
employed in various types of piping construction. 

Although if the 19-9 Cb weld metal has a calculated ferrite 
content of 10 per cent, coupled with a low C: Si ratio and a low P 
content, it is not improbable that the deposit was fissured prior to 
test. It has been our experience that penetrant-oil inspection of 
weld deposits is only 100 per cent sure if the deposit has been 
finely machined or ground. The oil method of inspection is 
particularly unsatisfactory when the weld deposit is ground 
manually or rough-machined. Peening of the weld deposits 
also has the effect of closing any fissures present and rendering 
the oil-inspection method ineffectual. These same remarks also 
apply to 25-20 weld deposits which, of course, are even more sus- 
ceptible to fissuring in the as-deposited condition. The inclusion 
of bend-test results of both the 19-9 Cb and 25-20 welds might 
define more conclusively the quality of the welds. 

It has always been our opinion that fissuring is essentially a 
high-temperature phenomenon, taking place appreciably above 
the maximum temperature encountered in steam service. The 
mechanism of fissuring is essentially the same as the mechanism 
of hot-tearing encountered in castings. In many cases, the 
formation and the propagation of these fissures may be observed 
during the actual welding operation, as the deposit solidifies be- 
hind the are. This is particularly true of alloys of the 10 Cr- 
20 Ni type and certain high-nickel corrosion- and/or heat- 
resistant alloys. 

If it is true that both the 19-9 Cb and the 25—20 weld deposits 
were fissure-free as deposited, the fact that fissures formed below 
1100 F during thermal cycling is quite disconcerting. However, 
if macro- (or micro-) fissures were present prior to thermal cy- 
cling, it is not surprising that they would grow in width and 
length sufficiently to permit their detection by oil inspection (in 
view of the relatively high notch sensitivity of these materials). 

Since the authors observed that fissuring was more severe in 
the 25-20 weld than in the 19-9 Cb weld, would it not be logical to 
presume that a 20-8 Cb deposit would have less (or perhaps no) 
fissures? 

_ The presence of cracks in the welds of the 160-schedule ferritic 
assembly is somewhat more disconcerting than those observed in 
the austenitic assemblies. 

Since the authors use the term fissures with respect to the 
austenitic welds, and cracks with respect to ferritic welds, it is 
presumed that their physical appearance differed, and the 
temperature at which they formed differed. 

It is noted that a minimum preheat temperature of 400 F was 
maintained during welding; this relatively low preheat, coupled 
with a low rate of heat input during the deposition of the first 
pass, conceivably could result in a low ductility-transformation 
product susceptible to cracking. There have also been reports of 
root cracking using the 10-deg taper ring in a poorly “fitted-up”’ 
joint. Do the authors conclude that the cracks observed were in 
any way related to the welding practice, or to the “ingotism” of 
the initial passes? 

On the basis of the S-N curves shown in Fig 14 of the paper, 
and the stress calculations made by the authors, it appears that 
the various assemblies could be cycled 100,000 times without any 
fear of actual failure of the welds. Do the authors feel that it is 
safe engineering to extrapolate their cycling test results on the 
basis of the S-N curves? 


16 Author's reference (3), p. 262. 
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C. T. Evans.” Were the welds cracked before the tests were 
started, the cracks not being detectable by conventional meth- 
ods of inspection? 

Were the tests abnormally severe? 


AUTHORS’ CLOSURE 


Mr. Ireland’s thorough analysis of our results is greatly appre- 
ciated. It is certainly true that it would be desirable to perform 
stress rupture and creep tests on samples cut from the test 
members and particularly from areas which show small cracks. 
It is planned to do this when it is decided that no further tests on 
the complete assemblies will be carried out. 

The method for predicting unsteady-state temperatures in a 
cylindrical shell as referred to in the discussion is based on the 
assumption that the pipe wall is a flat plate. Other approximate 
methods are of course, available, such as the graphical or numeri- 
cal method employing finite increments, and the electrical analog, 
and these can employ a variable coefficient of heat transfer. In 
so far as is known here the mathematical method based on a con- 
stant heat-transfer coefficient has not yet been applied to this 
case. In view of the uncertainty of necessary assumption, it 
would seem that the agreement between the test and calculated 
results indicated in Figs. 15 and 16 of the paper, is quite satis- 
factory. It must be remembered that these are in the nature of 
operating tests, rather than research experiments conducted 
under rigidly uniform conditions. While the test assemblies were 
uniform in arrangement it is possible that the flow of quench 
water, fairly reproducible in any one setup, was not exactly the 
same in all four. This might possibly account for the surface 
transfer coefficients being lower at the thermocouple positions in 
the case of the austenitic samples. It is also possible that the 
austenitic alloy surface has by nature a lower heat-transfer coeffi- 
cient for the boiling of water.'® Figs. 17, 18, and 19 of the paper, 
can be interpreted, in general, by either of these explanations. In 
fact, if the latter be correct, the ferritic alloy in these tests is 
actually being shocked more severely than the austenitic alloy. 

The initial temperature drop from T—1 to T—4 can be shown to 
be approximately what would be expected under the conditions 
of insulation at the location of the thermocouples, namely, radia- 
tion from the hot pipe to the room, with one intermediate baffle 
of larger size. Thus, it is believed that any errors in the ther- 
mocouples are considerably smaller than the temperature differ- 
ences from T-1 to T-4. 

The general shape of the time-temperature curves for the 
several thermocouples were in good agreement. The maximum 
temperature differentials for a number of quenches made on the 
160 schedule austenitic assembly follow: 

Average maximum temperature difference between T-1 and T—4 
thermocouples for 27 quenches with 60 lb of water when couples 
T-1 and T—4 were recorded simultaneously—180 F. 

Standard deviation—12.6 F. 

Average maximum temperature difference between T-1 and T—4 
thermocouples for 6 quenches with 88 lb of water when couples 
T-1 and T-4 were recorded simultaneously—179 F. 

Standard deviation-—10.8 F. 

As shown in Fig. 3 of the paper, the thermocouples are held in 
wells in the pipe wall by means of coil springs. An opening about 
3 in. square was left in the insulation to accommodate the spring 
assembly. Although this opening was a relatively dead air space, 
it would account for some heat loss. The writer’s precaution 
against the use of wet insulating material is well taken. Actually, 
the insulation was in dry block form; first 2 in. of diatomaceous 


17 Chief Metallurgist, Elliott, Company, Jeannette, Pa. 

18 “Feat Transmission,’ by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1933, pp. 
300-304. 
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earth, then 2 in. of 85 per cent magnesia, followed by a seal coat. 
Only the seal coat was put on wet, and, subsequently, this was 
thoroughly dried. 

The pipe wall and depth of the thermocouple wells were 
measured carefully prior to welding. 

The authors wish to thank Messrs. Malcolm and Low for their 
informative discussion of the paper. : 

The question was raised as to whether austenitic steels might 
not deform at a more rapid rate than ferritic steels at certain 
stress levels within the indicated temperature range. At certain 
stress levels and temperatures, transition from second-stage to 
very active third-stage creep may occur in austenitic steels even 
after thousands of hours at a fairly constant creep rate. Hence, 
the importance of knowing the time of transition between second- 
and third-stage creep. Yield-strength values at 0.2 per cent off- 
set for the austenitic cast steel at room temperature and 1100 F, 
as shown in Table 8 of the paper, are lower than for the other 
materials. Consequently, highly stressed components of austen- 
itic cast steel would be more likely to deform, and this observa- 
tion is supported by experience. For this reason, and because of 
inferior high-temperature strength of welds adjacent to castings, 
the use of austenitic steel castings is not contemplated for main 
steam lines. The thermal-shock tests produced less distortion in 
the austentitic test assemblies than in the ferritic assemblies. 
However, the assemblies were of welded construction and con- 
tained no austenitic cast-steel flanges. Maximum distortion 
occurred in the 80 schedule ferritic assembly. 

Stabilized types of austenitic chromium-nickel steel in lieu of 
similar types containing no stabilizing elements are indicated 
for the service temperatures mentioned by Messrs. Malcolm and 
Low. The steel they refer to as showing deterioration after a long 
time at temperature below 1000 F contained no stabilizing 
elements. 

It is realized that the austenitic steels of the 18-8 type are 
not necessarily single-phase alloys. In fact a reference cited 
in the paper observed that chromium-nickel compositions which 
promote the formation of ferrite are more resistant to fissuring 
than are fully austenitic weld deposits. 

At the outset of the investigation it was considered that thermal 
stresses might be more important than mechanical stresses when 
considering austenitic steel for steam piping for high-pressure, 
high-temperature service. It was with this in mind that the 
thermal-shock assemblies were fabricated and tested. 

In the stress calculations presented in the paper the assump- 
tion was made that the temperature varied linearly between 
successive readings. While this method is not strictly valid, it 
was considered sufficiently accurate for the purpose. 

Messrs. Malcolm and Low remark that the tendency for the 
two types of austenitic weld deposits to presumably fissure during 
stress cycling is quite disturbing in view of the large number of 
similar austenitic welds currently employed in various types of 
piping construction. 

This situation is disturbing to the authors as well. The pres- 
ence of fissures in the welds indicates a serious need for im- 
proved welding procedures and guidance for the welding of high- 
pressure, high-temperature steam piping. This need would not 
appear so conspicuous if the defects had been found only in the 
austenitic welds, for after all, the austenitic material was the 
subject of experiment. The development of similar defects in 
the ferritic welds is cause for serious consideration. This mate- 
rial was included in the test for comparison purposes and its 
suitability for the proposed service was not questioned. It is 
believed that sufficient technical information is available to insure 
sound conventional type welds in these materials provided pains- 
taking control of the entire process is exercised. 

Although oil powder and zyglo methods of inspection failed to 


1060 


reveal fissures before the tests, the defects were probably present 
in an incipient stage. The 19-9 weld deposits showed much less 
tendency toward fissuring than did the 25-20 weld deposits. It 
does not seem unlikely that fissures might be disclosed in austenitic 
welds in service if the surfaces are smoothly finished and carefully 
examined. 

The authors did not intentionally use the term fissure with 
respect to the austenitic welds and crack with respect to the fer- 
ritic welds. The two terms indicate the same type of defect, 
that is, parting of the metal or a tear. 

Root cracks observed in the welds are associated with lack of 
fusion at the root which points to undesirable features in the joint 
design. Subsequent experiments have indicated the desirability 
of increasing the root opening from 1/s in. to */s in. and employing 
a flat, split backing ring in lieu of the backing ring shown in 
Fig. 2 of the paper. It is also indicated that deposition should be 
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stringerwise, the thickness of each stringer not to exceed 1/ in. 

The authors would not advise extrapolating the cycling test 
results for the full-scale assemblies on the basis of S-N curves 
obtained for laboratory test specimens. However, they do con- 
sider it advisable to continue the testing of the mock-ups at higher 
stress levels until failures are produced. 

In answer to Mr. Evan’s questions: 

The oil powder and zyglo methods of inspection failed to reveal 
the surface defects before the tests were started. 

The thermal-shock test of 100 cycles might be considered 
rather severe but not necessarily more severe than might occur 
during the service life of a piping system. The 4000 deflection 
cycles imposed on the mock-ups represent stress conditions pro- 
duced on heating up a piping system every other day for approxi- 
mately 20 years, the maximum allowable stress being 25 per cent 
greater than that permitted by the ASME Boiler Code. 


